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Chapter 1 
Introduction. 
Nucleic acids axe perhaps the most intensively studied molecules found in na-
ture, which is not too surprizing in view of their fascinating role as carriers of the 
genetic information and of their activity in passing on the hereditary properties 
of living species. It has been a deeprooted belief among molecular biologists 
that structure dictates function and, therefore, these studies have oftentimes 
also involved the elucidation of structural aspects of these molecules, be it the 
sequential organization of their nucleic acid bases or the three-dimensional ar-
rangement of their nucleotide units. In a similar spirit it has been a deep-rooted 
belief among NMR spectroscopists that 'their' field of spectroscopy should be 
able to contribute to the elucidation of the structure and dynamics of molecules, 
in particular biomolecules, in a way unparallelled by other forms of spectroscopy. 
Over the last years this goal has come within reach and in a number of instances 
has materialized indeed [1]. This situation has evolved from the development 
of two-dimensional and higher order dimensional NMR techniques which pro-
vided the necessary spectral resolution for the realization of methods for the 
succesful interpretation of the complicated spectra of biomolecules. These in 
turn formed the basis and the impetus for detailed structural studies of these 
molecules. Indeed, triggered off by the development of two-dimensional NMR, 
an avalanche of NMR studies on nucleic acids has appeared which have been 
concerned with all of these features [1]. Methods for spectrum interpretation 
and structure elucidation have been developed. They have been applied in 
investigations concerning the sequence dependent structure of double helical 
fragments, in investigations concerning the influence of mismatches on double 
helical structure, studies on drug DNA complexes and nucleic acid protein inter-
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actions. This is not meant to say that standard protocols are already available 
which, on the basis of NMR experiments, lead automatically to the detailed 
description of structures of nucleic acids and their complexes. These topics still 
form a field of interesting and lively research. 
1.1 The NMR view of molecular structure. 
At this time a number of methods and techniques have become available which 
can be used to study the structure of nucleic acids in solution. In NMR spec-
troscopy structural information is obtained indirectly through measurement of 
spectroscopic parameters which have to be translated into structure. The pa-
rameters, that can be deduced from NMR experiments, are the position and 
intensity of the resonances, the J-coupling constants and the relaxation param-
eters leading to the socalled NOEs (Nuclear Overhauser Enhancements). 
• Resonance positions (chemical shifts) are representative of a certain type 
of nucleus, e.g. the ring protons of the bases resonate in a particular part 
of the spectrum. 
• The signal intensity corresponds with the number of magnetically (and 
chemically) equivalent nuclei in a group of the molecule, e.g. the signal 
of the magnetically equivalent protons in a methyl group of a thymine 
residue is three times more intense than the signal of the HI'-proton of a 
sugar moiety. 
• The J-coupling between spins in a molecule often contains information 
about the values of torsion angles. 
• The NOEs provide information about the distances between nuclear spins 
in the molecule. 
An important characteristic of this information is that , apart from being indi-
rect, it leads to short range structural data, i.e. via the J-coupling only torsion 
angles of single chemical bonds can be determined and the distances which 
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can be derived from NOE measurements are < 5 Â. In principle it is possible 
to extend the range of the distance measurements by involving paramagnetic 
relaxation probes, but practical difficulties have precluded their wide spread 
application. 
Another typical feature of NMR structural investigations is that the short range 
distance information is obtained through the measurement of distances between 
protons. Thus, apart from torsion angles that are sometimes obtained from 
J-couplings between protons and heteronuclei (13C, 15N, 3 1P) and between het-
eronuclei (13C, 3 I P) , molecular three dimensional structures derived by means of 
NMR are essentially 'protonic' pictures. Proton-proton distances alone would, 
however, be insufficient to determine a three dimensional structure were it not 
that knowledge of standard chemical bond lengths and bond angles is incorpo-
rated in the derivation of a three dimensional structure by means of NMR. This 
approach has been very succesful in NMR studies of protein structures. Struc-
ture determination of nucleic acids, at atomic resolution, has been much more 
limited. A detailed knowledge has emerged regarding the 'fine' structure of 
the double helix, but information on more involved structures is rather scarce. 
The most complicated molecule for which the structure has been elucidated 
by means of X-ray diffraction is tRNA, but even the structure determination 
of much simpler hairpin fragments has remained largely beyon reach of this 
method. In this respect NMR spectroscopy has been more succesful and by 
now the structure of several hairpin molecules has been determined. The work 
described in this thesis has contributed to this development. A brief outline of 
the research conducted is described in the following section. 
1.2 Outline of this thesis. 
The research described in this thesis was performed to enlarge our insight into 
the conformational properties of nucleic acids. Several topics are important in 
relation to the sucessful development of such a program. First, NMR spec-
troscopy is used as a tool to obtain the necessary structural information and 
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the manner in which this information can be deduced, specifically for nucleic 
acids, is of utmost importance. In addition, in a developing research area like 
this one new methods for extracting structural information is not only helpful 
but very often necessary in order to proceed. Secondly, to be able to judge the 
validity of ones structure determination at least rudimentary knowledge about 
conformations which are allowed and disallowed should be available. Finally, 
proper systems which exhibit relevant folding should be available for studying 
the conformational properties of nucleic acids. These topics are addressed in 
the different chapters in this thesis and are summarized below. 
In Chapter 2 a general overview is presented, in which the recording of NMR 
spectra, spectrum interpretation, conformational analysis and structure deter­
mination of nucleic acids is discussed in great detail. 
In Chapter 3 it is shown that the accessible conformational space of a nucleotide 
chain is severely restricted. The steric interactions, resulting from the simulta­
neous variation of pairs of torsion angles were calculated and are presented in 
distance contour plots. These results help to increase the understanding of the 
conformational space, available to nucleic acids. 
In Chapter 4 a thorough investigation of the structure of the cyclic trinucleotide 
r (GpGpGp) is given. Homo- and hetero coupling constants, derived from the 
NMR spectra were used for the structural analysis of this molecule. It followed 
that the ribose sugars adopt a pure S-type (C2'-endo) conformation instead 
of the normal N-type (СЗ'-endo) conformation. Making use of the results, 
presented in Chapter 3, the occurrence of S-type sugars is rationalized. 
In Chapter 5 the formation of a triple helix structure is discussed. NMR inves­
tigations of the pentadeca deoxynucleotide d(TCTCTC-TTT-GAGAGA) show 
that above pH=6.5 the molecule adopts a B-form hairpin conformation. As 
the pH is lowered below 6.5 molecules progressively associate in pairs to form 
a partially triple helical, partially single stranded structure. In the triple helix 
the bases of the d ( T C ) 3 tract from one molecule form Hoogsteen pairs with the 
d(GA) 3 tract of the other. 
Chapter 6 describes the structural analysis of the hairpin formed by d ( T C T C T C -
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TTT-GAGAGA) at high pH (i.e. pH=8) with the aid of NMR spectroscopy 
and the variable target algorithm DIANA. The NMR data can only be fully 
understood if it is assumed that the loop adopts two conformations existing 
side by side in a fast equilibrium. In one state the first thymidine residue in 
the loop is turned into the minor groove, while in the other state the second 
thymidine residue is folded into the minor groove. The conformation of the 
sharp turn of the phosphate backbone, found between the third thymidine in 
the loop and the guanosine residue of the closing base pair, is the same for the 
two conformations. 
In Chapter 7 the application of 3D TOCSY-NOESY spectroscopy to the analy-
sis of nucleic acids is presented, using a TOCSY-NOESY spectrum recorded for 
the DNA hairpin d(GTTCCA-AAC-TGGAAC). It is shown that the spectrum 
can be considered as a collection of spin-lock patterns, which can be used to 
distinguish protons whose resonances overlap. 
More structural details of the hairpin d(GTTCCA-AAC-TGGAAC) are given 
in Chapter 8 based on the determination of the experimental NOEs and cou-
pling constants. In the loop of this hairpin only a limited number of interresidue 
NOEs are observed. Making use of a variable target distance geometry algo-
rithm several conformations were calculated, which are completely in agreement 
with the experimental constraints. 
In Chapter 9 the structure determination of the hairpin formed by d(ATCCTA-
GTTA-TAGGAT) is described. It turns out that an unusual G A base pair 
is formed in the loop which explains the high stability of the hairpin. The 
structure is discussed in detail with respect to earlier presented loop structures 
and G A base pairs. 
References 
[1] Van de Ven, F.J.M, and Hilbers, C.W. Eur. J. Biochem. 178 (1988) 1-38. 
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Structure determination of nucleic acids. 
Nowadays NMR spectroscopy is often involved in the elucidation of structural 
aspects of biomolecules [1]. In this chapter an overview will be presented of the 
possibilities in structure determination of nucleic acids. 
2.1 Nomenclature and definition of structural parame­
ters. 
2.1.1 N u m b e r i n g s c h e m e s . 
In this thesis the nomenclature, agreed upon in the IUPAC/IUB guidelines [2] 
will be used. The numbering of the atoms in the furanose ring and the five 
common bases found in DNA and RNA is presented in Fig. 2 1 . The bases can 
pair according to different schemes; a number of the most common base pair 
combinations is presented in Fig. 2-2. It is noted that the atoms in the sugar 
moieties are primed in contrast to the atoms in the bases. The two hydrogens at 
atom C5' are labeled with a prime and a double prime. For the interpretation 
of NMR results it is important to know how these protons are characterized in 
the molecular frame. The numbering is obtained by looking along the 05'—+C5' 
bond in the direction of the main chain; going in the clockwise direction the 
atoms attached to C5' are: C4', H5" and H5' [3]. 
In an adapted form this chapter will be published: Wijmenga, S.S., Mooren, M.M.W, and 
Hilbers, C.W. in: NMR of Biological Macromolecule. A Practical Approach Ed. G.C.K. 
Roberts, The Practical Approach Series,Oxford University Press. 
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Figure 2.1: Nomenclature, structures, and standard atom numbering of the 
ß-D-riboses and the five common bases (pyrimidines: C, Τ and U, purines: G 
and A) in DNA and RNA, according to TUPAC/TUB guidelines [2]. 
2.1.2 Helical parameter and torsion angle description. 
There axe several ways to describe a three dimensional structure of a molecule. 
In conformational studies of nucleic acids two methods are in common use, 
namely, a description in terms of the socalled helix parameters [4-9] and a 
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Figure 2.2: Possible base pairs and base triplets occurring in DNA and RNA. 
In RNA the uracil base (U) is found instead of thymine (T). 
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Figure 2.3: Definition of the torsion angles in the sugar-phosphate backbone: 
α, β, 7, 6, ε ала ζ, the glycosidic torsion angle χ, and the endocyclic torsion 
angles
 0-иЛ in the sugar ring. 
description in terms of torsion angles [2]. The helix parameters, helical twist, -
rise etc. are defined according to the Cambridge convention [4]. It is noted in 
passing that the six rotational and translational parameters may be different 
when defined with respect to the local or the global helix axis. A well-known 
example is the rise in A-type helices: defined with respect to the global helix 
axis Dzg = 2.9 A while the distance between stacked base pairs is Dz ( = 3.4 A. 
(The subscripts g and 1 indicate the global and local rise respectively). 
The torsion angles that define the structure of a nucleotide unit are the back­
bone torsion angles α, β, η 6, ε and ζ, the endocyclic torsion angles determining 
the furanose ring conformation, v0 to i/4 and finally, the glycosidic torsion angle 
χ, between the base and the sugar ring [2]. Alternatively, the furanose confor­
mation is described in terms of the phase angle of pseudo-rotation, P, and the 
puckering amplitude, ф
т
 [10]. The nomenclature and definitions of the torsion 
angles and atoms of the nucleotide unit are presented in Fig. 2-3 and Table 2 1 . 
The value of the torsion angles is defined via the socalled Newman projections; 
examples of such projections, with the corresponding sign convention, for the 
staggered conformations gauche-minus (g-), gauche-plus (g+) and trans (t) are 
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Sugar phosphate backbone 
torsion angle 
a 
ß 
7 
f 
e 
С 
х(Ру) 
χ (Pu) 
Endocyclic sugar torsion angle 
"о 
V\ 
v-i 
Atoms defining torsion angle 
0 3 ' - Ρ - 0 5 ' - C5' 
Ρ - 0 5 ' - C5' - C4' 
05 ' - C5' - C4' - C3' 
C5' - C4' - C3' - 0 3 ' 
C4' - C3' - 0 3 ' - Ρ 
СЗ' - 0 3 ' - Ρ - 0 5 ' 
04 ' - Cl ' - N I - C2 
04 ' - C l ' - N9 - C4 
Atoms defining torsion angle 
C4' - 04 ' - Cl ' - C2' 
04 ' - Cl ' - C2' - C3' 
Cl ' - C2' - C3' - C4' 
C2' - C3' - C4' - 04 ' 
C3' - C4' - 04 ' - C l ' 
Table 2.1: Definition of torsion angles. 
given in Fig. 2-4. As an example, the average values of the torsion angles found 
in A-RNA, A-, В- and Z-DNA [3] are given in Table 2-2. 
2.1.3 Descr ipt ion of the furanose ring. 
The description of the structure of the sugar ring deserves separate attention. 
The five endocyclic torsion angles defining the sugar conformation are not all 
independent from one another. The conformation of non-planar five-membered 
cyclic molecules can be described by the concept of pseudorotation [10-12]. In 
this approach the endocyclic torsion angles (defined in Fig. 2-3 and Table 2-1) 
are interrelated via two independent parameters, Ρ and ф
т
, which characterize 
the conformation of the five-membered ring [10,11]: 
Vi = ф
т
 cos(P + 144(i - 2)) (2.1) 
In this equation j = 0 to 4, Ρ is the phase angle of pseudorotation and ф
т
 is 
the puckering amplitude. 
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α, g 0,Ь 
7, gT M 
£, t 
X, anti 
Figure 2.4: Newman projections of the torsion angles α, β, η, S, ε, ζ and χ, 
shown in the staggered conformations, gauche minus (g-), gauche plus (g+) 
and trans (t), which are typically found in B-DNA. The sign convention of 
the torsion angles is as follows [2]: a positive torsion angle is obtained after 
a clockwise turn of the bond containing the front atom (thick line) about the 
central bond for it to eclipse the bond to the back (thick line) regardless of the 
end from which the system is viewed. The glycosidic torsion angle χ is called 
anti when χ = 180 ± 90° and syn when χ = 0 ± 90° [2]. 
Structure determinat ion of nucleic acids. 13 
Polynucleotide 
A-RNA 
A-DNA 
B-DNA 
Z-DNA G* 
Z-DNA C* 
• G: 
C: 
Q 
-68 
-50 
-46 
52 
-110 
ß 
178 
172 
-147 
-153 
-168 
7 
54 
41 
36 
178 
54 
Guanine residue in 
Cytosine residue in 
6 
82 
79 
157 
76 
147 
t 
-153 
-146 
155 
-72 
-103 
Z-DNA 
Z-DNA 
С 
-71 
-78 
-96 
102 
-91 
X 
-158 
-154 
-98 
89 
-159 
sugar 
N-type 
N-type 
S-type 
N-type 
S-type 
Table 2.2: Average values of backbone torsion angles and sugar conformations 
in polynucleotides. 
Eqn. 2-1 is, however, only applicable to equilateral five-membered rings such 
as cyclopentane. In heterocyclic rings with varying bond distances and angles, 
adjustments have to be introduced to account for these 'non-idealities'. The 
equations, in which the necessary corrections for the non-ideality of the furanose 
ring have been incorporated, are given for the torsion angles, φ
ι}, between the 
protons in the sugar ring [13,14]. As will be discussed in section 2-4-2 these 
torsion angles can be determined from the J-couplings between these protons. 
φ
νν
 = 121.4+ 1.03(/.
m
cos(P-144) (2.2) 
ф і» = 0.9 + 1.02<¿m cos(P - 144) (2.3) 
ф
 з
. = 2.4 + 1.06<¿mcos(P) (2.4) 
ф2„3. = 122.9 + 1.06¿mcos(P) (2.5) 
фм = - 1 2 4 . 0 + 1.09¿mcos(P +144) (2.6) 
In practice the value of the pucker amplitude may vary between 34° and 42°. 
A good impression of how the sugar conformation varies is obtained when the 
phase angle of pseudorotation is allowed to traverse a complete cycle of 360°. 
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Figure 2.5: Intranucleotide distances between for hydrogen atoms in the de-
oxyribose ring versus the pseudo-rotation phase angle P. The amplitude of pseu­
dorotation ф
т
 was kept at 35°. The following distances are plotted: d,(l';2") 
(-<-), ά,(2';3') (-), d,(l';4>) (-o-), d,(2";3') (-v-), d,(2»;4') (->-), dt(2>;4>) (-), 
d,(l';3')(-x-), d,(l';2') (-*-), and d,(3';4') (-+-). 
This can be demonstrated in a pseudorotation wheel [10]. In most practical sit­
uations the sugars are found to adopt P-values between 0° and 36° and between 
140° and 190°[12,13]. The first category of conformations are called N-type, the 
second category S-type conformations (they occur in the Northern and South­
ern hemisphere of the pseudorotation cycle respectively). As a result of changes 
in the phase angle of pseudorotation the distance between the protons in the 
sugar moiety may change. This is indicated in Fig. 2-5, which may be consulted 
in the analysis of the sugar conformation. 
Structure determinat ion of nucleic acids. 15 
4.5 
distance (A) 
1.6 
d(Ha-Hi') 
«0 120 180 
X (de9) 
240 300 360 
Figure 2.6: Intranucleotide distances between aromatic protons H6 or H8 and 
the sugar proton HI ' versus the torsion angle χ. 
2.1.4 Descr ipt ion of the mononucleotide conformation. 
Once the phase angle of pseudo-rotation and the pucker amplitude of the fura-
nose ring are known the conformation of a mononucleotide can be derived by 
determining the value of the glycosidic torsion angle, χ, as will be discussed 
in section 2·4·4. This can be achieved by measuring the distances between the 
sugar protons and the base ring protons of the mononucleotide. It is easy to 
see that the distance between the ring H8 (in purines) or the ring H6 (in pyrim-
idines) and the sugar H I ' protons does not depend on the sugar conformation, 
but only on the glycosidic torsion angle. The latter dependency is presented in 
Fig. 2-6. The distances between these ring protons and the other sugar pro­
tons depend on both the puckering of the sugar and the value of the glycosidic 
torsion angle [15]. As will be pointed out later the success of NMR structural 
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studies of nucleic acids relies heavily on the possibility to interpret their 2D-
NOE spectra. Only short range distances (in practice < 5Â) between protons 
in proton pairs will give rise to observable NOE cross peaks in these spectra 
and this spectral information forms the basis for the structure derivation. In 
a number of instances the distances between proton pairs may become fairly 
short. For instance, it can be gleaned from Fig. 2-6 that the distance between 
H6 or H8 and H I ' becomes «2.5А, when χ is in the syn-domain. In the NMR 
spectra this will give rise to appreciable NOE effects. 
2.1.5 Dis tances in secondary elements of nucleic acid structures. 
In the sequential analysis of the NMR spectra NOE effects play an impor­
tant role as well. Thus, the availability of short internucleotide proton-proton 
distances (<5Ä) is required to be able to succesfully perform sequential as-
signments of the proton resonances. In this analysis the standard nucleic acid 
secondary structural elements play a crucial role. The relevant inter-nucleotide 
distances in A-, B- and Z-type helices are summarized in ref. [15]. To facilitate 
further discussions we introduce a shorthand notation for the distances between 
protons 1 and г which has proven to be very useful [15]: 
d,(l;r) for intra-nucleotide distances, 
e.g. d,(8;2') 
d,(l;r) for inter-nucleotide distances, 
e.g. d,(l ';6) 
In the latter case the convention is followed that 1 corresponds with the proton 
in the 5'- and г with the proton in the З'-nucleotide. For the methyl protons 
of thymidines 1 or г is indicated by the letters Me. Sometimes we use two 
symbols for 1 or r, for instance in d,(3';5/Me). This signifies the sequential 
distance between H3 ' in the 5'-nucleotide and H5 or the methyl protons in 
the З'-cytosine or thymine respectively. Cross-strand distances are defined as 
follows: 
d
c l(l;r) for distances within base paired nucleotides, 
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e.g. d
c i(TH3;AH6) 
dCJ(l;r)p for distances between adjacent base paired nucleotides, 
e.g. d
c s
( 2 , l % 
To avoid ambiguities in the characterization of the sequential cross-strand dis­
tances the directionality of the connectivity has to be indicated. We consider 
combinations of two adjacent base pairs; in this sequence 5'- and 3'-nucleotides 
are defined. It is easy to see that cross strand sequential distances are only found 
between the two З'-nucleotides or the two 5'-nucleotides. This is indicated by 
the last subscript p, which is either 3' or 5', and which suffices to characterize 
this distance. Thus, in the example the cross strand distance between H2 and 
H I ' of the 3'- nucleotides of adjacent base pairs is indicated. 
A few comments on some of the differences between A- and B- type helices are 
in order. For the sequential analysis the distances d,(2';6/8) and d,(2";6/8) 
are important. They are quite different, however, in the A- and B-type helices. 
While in B-DNA d3(2";6/8) is relatively short (2.2Â) and d,(2';6/8) is relatively 
long (4.0Á), the opposite is true in Α-DNA. This is a direct consequence of the 
fact that in idealized A-type helices the sugars adopt N-type conformations 
while in B-type helices S-puckered sugars are found. It is noted in passing that 
the distance d,(l ' ;6/8), which is also important in the sequential analysis of 
the NOESY spectra, is not very different in A-type (4.6Â) and B-type (3.6Â) 
helices. Others are, however, quite different as well: d,(2";5/M) is larger than 
5Â in A-type and 2.7-2.9Â in B-type helices. The distances d,(2';5"), d J(2";5"), 
d,(3';6/8) and d,(3' ;5/M) are relatively short in A-type helices (2.7, 2.4, 3 and 
3.3Â respectively) and longer in B-type helices (>5 , 4, 4.6 and >5A respec-
tively). The cross-strand distances show interesting differences for the different 
type of helices. These have not been employed systematically in the analy-
sis of nucleic acid spectra, but certainly are interesting in providing a further 
definition of nucleic acid conformation. 
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2.2 Recording of spectra. 
Spectrum interpretation and structure determination require the recording of 
spectra of H 2 0 - as well as of D20-solutions. 
The most relevant type of experiments [16] are summarized Appendix 2-1 in 
Table 2-5 where they are ordered according to the type of correlations which 
become manifest in the spectra: 
• pulse sequences that correlate proton signals via J-couplings, i.e. COSY 
and TOCSY type experiments. 
• pulse sequences that correlate signals of protons that are in close proxim-
ity, i.e. NOESY and ROESY type experiments. 
• pulse sequences that correlate the signal of a hetcronucleus to that of its 
J-coupled proton(s), HETCOR type experiments. 
The most useful pulse sequences are summarized in Fig. 2*16, which is given in 
Appendix 2-1. 
In addition, pulse sequences for water suppression are added. The applica-
tion of 3D-NMR techniques in nucleic acid studies has thus far been limited. 
We listed two experiments that have been succesfully applied in the spectrum 
analysis of nucleic acids [17,18] (Fig. 216, P14 and P15), namely a TOCSY-
NOESY (see Chapter 7) and a NOESY-NOESY experiment. Because of the 
important role of experiments on H 2 0 solutions we first consider some aspects 
of water suppression and then go on to discuss practical features of the 2D-pulse 
sequences. 
2.2.1 Water suppress ion. 
In NMR studies of nucleic acids, be it ID- or 2D-spectroscopy, the investigation 
of exchangeable protons (e.g. imino protons) plays an important role. Such pro-
tons can only be observed when the nucleic acid is dissolved in an H2O solution. 
However, observation of the exchangeable proton signals presents a serious dy-
namic range problem for the NMR data collecting and processing equipment, 
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since the concentration of the individual exchangeable protons is about a fac-
tor of 100.000 less than the concentration of the water protons. This can be 
avoided by rigorously suppressing the water resonance. The most simple water 
suppression technique is presaturation of the water signal. For most studies of 
imino- and amino protons in nucleic acids this approach cannot be used. The 
relatively fast exchange of these protons with water leads to (partial) satura-
tion of their resonances as well. In order to observe these protons, selective 
excitation or selective read out pulses have to be applied. The most straight-
forward approach is the application of a socalled 11 read out pulse as used in 
NOE experiments [19,20] (Fig. 2-16, P9). It provides, a rather flat base-line 
and is quite simple to implement. A much favored pulse is the 1331 read pulse 
[21] (Fig. 2-16, PIO). It has a slightly better suppression profile than the 11 
pulse. Furthermore, we mention the DANTE pulse sequence which can be used 
as a read pulse as well [22] (Fig. 216 , P l l ) . In combination with these semi-
selective pulses digital shift accumulation, DSA, can be used to further suppress 
the water signal [23]. In our experience, the 11 pulse is quite sufficient for most 
applications performed on modern NMR spectrometers. Finally, we mention a 
technique which has emerged recently and promises to be quite interesting for 
studying H 2 0 solutions. This is the use of pulsed gradient fields which have 
been succesfully applied in in vivo NMR [24]. 
2.2.2 N O E S Y and R O E S Y spectra. 
The cross peaks observed in NOESY spectra can be generated through two 
separate mechanisms. Protons that are in close proximity (<5À) can exchange 
magnetization via dipolar relaxation [25-28]; magnetization can also be trans-
ferred via chemical exchange. The magnetization transfer takes place during 
the mixing period, rm , of the pulse sequence (Fig.2-16, P5); the transfer can be 
described by a set of coupled differential equations. Here the combined effect 
of the relaxation and exchange processes will be considered from a practical 
point of view, i.e. how in a first attempt the best spectra can be obtained. For 
practical purposes it is convenient to take the apparent longitudinal relaxation 
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times, T l , eis a yard stick. For short mixing times (<ST1) the cross peak in­
tensities increase linearly with the mixing time, for longer mixing times ( > T 1 ) 
magnetization is spread out over the whole system of interconnected spins and 
the cross peak intensities start to decrease again due to relaxation leaks. In 
recording 1D-N0E difference spectra as well as 2D-N0E spectra it is thus im­
portant to choose the correct mixing time in order to obtain sufficiently intense 
cross peaks. For more quantitative purposes mixing times can subsequently be 
adjusted in later experiments. In Fig. 2-7 a-d, a number of NOE curves are 
shown for different values of the exchange rate к and different т
с
 values. 
These curves mimic the response, expected in practical situations, for the inten­
sity of NOE cross peaks in 2D NOE spectra of exchangeable protons, such as 
imino and amino protons, and may therefore aid in establishing a 'good' mixing 
time. It is, in this respect, very simple and helpful to use the pulse sequence P13 
in Table 2-5 (Appendix 2-1), to obtain, in advance, a rough estimate of the T l 
values. For a mixing time of the length of the averaged T l values the diagonal 
peaks will be reduced to approximately 1/3 of their original value (at т
т
= 0 ) 
and the NOE cross peaks will be close to their maximum intensities. As can 
be seen in Fig. 2-7 a-d a high exchange rate strongly reduces the NOE cross 
peak intensity (Note the different vertical scales). Recording spectra at low 
temperature may help to suppress exchange between imino- and water protons 
and lead to better NOESY spectra. In Fig. 2-7 e-h similar curves are shown for 
cross peaks between non-exchangeable protons. In a similar fashion they may 
provide a rough estimate of the mixing time to be used and also an estimate 
of the amount of spin diffusion introduced. The latter phenomenon occurs for 
longer mixing times ( > T 1 ) when magnetization is transferred from one proton 
to another not directly but via an intermediate. For example, transfer of mag­
netization from the base proton H6 to H3' of the sugar often occurs via the 
H2'. In B-DNA d,(6;3') > 4Â while d,(6;2') as well as d,(2';3') are short (both 
distances are w2.2A), providing an efficient spin diffusion pathway. In order to 
block a spin diffusion pathway one can saturate the intermediate protons, as is 
done in a MINSY experiment [29] (Fig. 2-16, P5). 
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Figure 2.7: NOE build up curves for exchangeable and non-exchangeable pro­
tons. NOE curves were calculated from the relaxation matrix R according to 
Eqns. 2-8-10 (standard procedures such as diagonalization ofR and back trans­
formation were used to calculate the NOE intensities, It3. Relaxation matrix 
elements σ%3 were calculated from the distance matrix elements rt} according to 
σ4=5.69χ10* (s~2 nm6)x rc (s) / rtJ " 6 (nm~*), which is correct for u>rc > · 1. 
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Figure 2.7: continued, (a - d) Exchangeable protons. The distance matrix was 
set up for the duplex d5'(TiC2T3)3'-3'(A3G2Ai)5' and contains all distances be­
tween protons within a 5A radius of G2H1, assuming a B-DNA conformation. 
To account for exchange to H2 0, an identical exchange rate constant was added 
to each diagonal element, except for the non-exchangeable protons in the ma­
trix. The rotational correlation time r
c
 is 2 ns. In each panel build up curves 
are shown for NOEs from G2H1 to, respectively, ΑγΕ6 (1), T¡H3 (2) and A3H6 
(3), for exchange rates of 1.78*1(Г6 s ' 1 (a), 0.6 s~l (b), 1.78 s" 1 (c), 15.1 s" 1 
(d), respectively. Notice the very low NOE intensities in Figs. 27 b, с and d, 
corresponding with imino proton life-times found in practice (10 ms to 1 s). 
(e - h) Non-exchangeable protons. NOE cross-peak intensities were calculated 
here for a system of 24 interconnected protons, involving all relevant ( ¡ 5 A) 
intra- and inter-residue distances around C2H6 in the duplex mentioned above. 
The curves were calculated for rotational correlation times of 0.2 ns (e), 0.8 ns 
(f), 2 ns (g) and 6 ns (h) and represent the NOE intensities ofH6 C2 to H2' (1), 
H5 (2), H2" (3), HI' (4) and H3' (5) of residue 2. For comparison it is noted 
that а т
с
 value of approximately 2 ns is expected for a hairpin of 15 nucleotides. 
In the mentioned example one could saturate the H2' and H2" protons, sup­
pressing the spin diffusion pathway, via H2', for transfer of magnetization from 
H6 to H3' . In a NOESY experiment the Overhauser effect changes sign in 
molecules for which шт
с
 « 1.1 [24]. At this point the NOE is practically absent. 
For шт
с
 < 1.1 the NOE cross peaks are negative, for ωτ, > 1.1 they have a 
positive sign with respect to a positively phased diagonal. This is not so in 
a ROESY experiment [30-34] (Fig. 2-16, P6). In this experiment the mixing 
period consists of a low power continuous lock pulse and the ROE (Rotating 
frame Overhauser Enhancement) cross peaks (with well understood exceptions) 
always have a negative sign. On the other hand, in both experiments, NOESY 
and ROESY, cross peaks due to chemical exchange always have a positive sign. 
This has two interesting consequences: 
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• For molecules for which wre ~ 1.1, a ROES Y experiment may still provide 
ROE cross peaks, while a NOESY does not. 
• For molecules for which uirt > 1.1, a ROESY experiment affords one to 
distinguish between cross peaks caused by exchange (positive sign) and 
those caused by magnetization transfer (negative sign). 
2.2.3 J-correlated spectra. 
C O S Y spectra . 
The classical two pulse COSY experiment [35,36] (Fig. 2-16, P I ) has the dis-
advantage that it generates a spectrum in which the cross and diagonal peaks 
are 90° out of phase. In practice this means that spectra are recorded in such a 
manner that the diagonal peaks will occur as dispersive signals and their long 
tails will hamper the identification of the much weaker cross peaks close to the 
diagonal. To remedy this problem a third 90" pulse can be added very shortly 
after the last (second) pulse in the COSY sequence [37-40] (Fig. 2-16, P2). 
Depending on the phase cycling these two pulses can act as socalled multiple 
quantum filters, i.e. as double-quantum, triple-quantum, or higher order coher-
ence filters. In a DQF-COSY (double quantum filtered COSY) all double and 
higher order coherences pass the filter, but the single quantum coherences are 
suppressed, i.e. the signals from uncoupled spins are filtered out of the spec-
trum. In relation to the above mentioned problem the important advantage is 
that the remaining diagonal peaks acquire the same phase as the cross peaks. 
The diagonal and the cross peaks can now both be represented as absorption 
peaks, thus increasing the resolution near the diagonal. A further simplification 
can be achieved by filtering out double-quantum coherences as well, leaving only 
those signals which stem from protons that are coupled directly to two or more 
other protons. The disavantage is, however, that the signal intensity decreases 
(by a factor of 2 for every step) and higher order multiple quantum filters are 
not very often used in nucleic acid research. However, the DQF-COSY is now 
the standard COSY experiment for correlating J-coupled spins and as such in-
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valuable for distinguishing networks of coupled spins for assignment purposes. 
The fine structure of the cross peaks in phase-sensitive COSY spectra (DQF-
COSY, TQF-COSY (triple quantum filtered COSY), Ε-COSY (extended COSY) 
etc.) is characterized by a multiplet pattern, which for the weak coupling limit 
(J <C difference in chemical shift position of the two coupling nuclei) is simple 
to interpret, and from which J-couplings constants can be obtained [41]. In the 
analysis of the cross peak fine structure one has to distinguish between active 
and passive couplings. The active couplings lead to anti-phase the passive cou­
plings to in-phase splittings [41,42]. Which of the couplings is active depends 
on the coherence filter used in the COSY experiment. Thus, in a DQF-COSY 
spectrum the active coupling is that between the protons of which the reso­
nances are connected by the cross peak; all other couplings contributing to the 
fine structure of the cross peak are passive. In a TQF-COSY spectrum, for 
the protons of which the resonances are connected by a cross peak and which 
are coupled to a common partner, the corresponding couplings become active 
as well. It is noted in passing that for higher order filtered COSY spectra ad­
ditional coupling constants between mutual coupling partners become active. 
With the aid of these definitions and remarks cross peak multiplet structures 
can be constructed easily. This is illustrated in Fig. 2-8 for the cross peak 
expected in a DQF-COSY spectrum between the H I ' and H2' resonances of a 
sugar with an N-type conformation. 
The active coupling is J ( l '2 ' ) ¡ J(1'2") and J(2'2") which may also contribute 
to the cross peak fine structure are passive couplings. The combination of anti-
phase and in-phase doublet splittings expected for these couplings are seen in 
the one-dimensional stick spectra plotted in the fl- and indirection alongside 
the Hl ' -H2 ' cross peak. The two-dimensional cross peak multiplets can now 
be constructed easily from these one-dimensional splitting patterns as shown 
in Fig. 2-8A. The signals in the cross peak arise at the crossings of the one-
dimensional splitting patterns. Their intensities result from the product of 
the intensities of the signals in the one-dimensional stick spectra. For a cross 
peak connected to the resonance of magnetically equivalent spins the same 
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rules apply. First, one of the equivalent spins is considered as giving rise to 
the active the others to the passive couplings and subsequently so for the other 
spins, resulting in a one-dimensional anti-phase splitting pattern which can also 
be obtained directly using an anti-phase Pascal triangle [15]. 
Figs. 2-8B and 2-8C show DQF-COSY and Ε-COSY (vide infra) multiplet pat­
terns of Hl '-H2' and Hl '-H2" cross peaks expected for N-type and S-type sugars 
respectively. In principle, J-couplings can be extracted directly from these mul­
tiplets, but in practice one is confronted with two problems which may hamper 
the interpretation, i.e. the finite linewidth and/or the limited digital resolu­
tion. The latter problem occurs mainly for the fl-direction and may then be 
remedied by using another variant of the COSY experiment, i.e. the Ui-scaled 
DQF-COSY experiment [43-45] (Fig. 2-16, P3). In this experiment a 180° pulse 
is inserted in the ti-evolution period such that the chemical shift evolution is 
scaled down by a chosen factor whereas the evolution due to the J-couplings is 
unaffected. In this way sometimes the fine structure of the ΗΓ-Η2' and Hl-
H2" cross peaks can be made visible, allowing for a stereo-specific assignment 
of these protons, particularly in S-type sugars. An additional advantage of this 
experiment is that the ti-period can be taken longer, enhancing the amount of 
coherence transfer between protons that have small couplings and thereby im­
proving the sensitivity of the experiment for small couplings. The first problem, 
i.e. finite linewidth, has a profound effect on the peak separation in a multiplet. 
In order to obtain reliable coupling constants from the multiplet, the linewidths 
should be a factor of 2 smaller than the coupling constants involved, otherwise, 
due to cancellation the difference in position between the anti-phase signals just 
reflects the linewidths. Evidently, for N-type sugars all anti-phase peaks in a 
Hl '-H2' multiplet tend to cancell by virtue of the small J(1'2') (2Hz), while for 
the ΗΓ-Η2" multiplet and for the multiplets of S-type sugars only partial can­
cellation may occur. See for example Fig. 2-8C where the peaks at the rim of 
the ΗΓ-Η2' and Hl '-H2" multiplets lie relatively free and are not disturbed by 
cancellation. Simplification of multiplet structure can be achieved by recording 
Ε-COSY spectra [46-48] (or the improved version P.E.COSY spectra [49]) or 
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Figure 2.8: Multiplet patterns in crosspeaks generated in phase-sensitive COSY 
spectra. (A) Two-dimensional Hl '-H2' crosspeak multiplet pattern of an N-
type sugar in a DQF-COSY and a TQF-COSY spectrum. The branching pat­
terns along the horizontal and vertical axes exemplify how the anti-phase one-
dimensional multiplets of HI' and H2' along these axes, can be constructed. 
From these anti-phase one-dimensional multiplets the two-dimensional mul­
tiplets can subsequently be derived as explained in the text. (B) Multiplet 
patterns as found in the Hl'-H2' and HV-H2" crosspeaks in DQF-COSY and 
Ε-COSY spectra of an N-type sugar. From the one-dimensional multiplets 
along the horizontal and vertical axes the two-dimensional multiplets can be 
constructed. (C) Multiplet patterns as in (B) for an S-type sugar. The dis­
tances in the multiplets correspond to the following coupling constants, J(1'2') 
= 2 Hz, J(1'2") = 8 Hz, J(2'2") = -13 Hz, J(2'3') = 7.3 Hz and J(2"3') = 10 
Hz for N-type sugars and J(1'2') = 8 Hz, J(V2") = 6 Hz, J(2'2") = -13 Hz, 
J(2'3') = 6.5 Hz, and J(2"3') = 2.0 Hz for S-type sugars. 
/3-COSY spectra (small flip angle COSY spectra) [35,42]) (Fig. 2-16, P I ) . The 
former method consists in fact in the addition of a DQF-COSY and a T Q F -
COSY spectrum, which leads to the removal of certain components in the re­
sulting cross peaks. The multiplets generated in this way have the appearance 
of interwoven AX multiplet patterns. For example, the coaddition of the DQF-
COSY and TQF-COSY cross peaks of Fig. 2-8A leads to the Ε-COSY cross 
peak shown in Fig. 2-8B. The advantage of the Ε-COSY experiment thus lies 
in a simplification of the cross peak multiplet, due to which less cancellation 
may take place. For example, as shown in Fig. 2-8B, for an N-type sugar the 
anti-phase peaks at the rim of the H1-H2" multiplet lie relatively free so that 
both J(1'2') and J(1'2") can be determined more reliably, while for S-type sug­
ars the same applies for the ΗΓ-Η2' multiplet (Fig. 2-8C). In fact, J(1'2') can 
now be determined even in the case the linewidth is of the order J(1'2') because 
the two peaks are not influenced by cancellation (Fig. 2-8B). 
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T O C S Y spectra. 
In TOCSY experiments, also referred to as HOHAHA experiments, the 90° 
mixing pulse present in the classical COSY experiment is replaced by a spin-
lock pulse or most frequently by a train of composite 180° pulses constituting 
for example the socalled MLEV17 sequence [50-56] (Fig. 2-16, P4). During the 
spin-lock period coherence transfer takes place in a network of J-coupled spins 
and cross peaks are generated even if the spins are not directly coupled. This 
is an important difference between the TOCSY and the COSY experiment; 
the additional cross peaks in the TOCSY spectra provide a means to recognize 
spins belonging to the same spin system and in this way appreciably aid in 
the spectrum interpretation. In many instances a mixing time of 100 ms will 
provide excellent transfer. The rate of the transfer depends on the value of the 
J-couplings. This and the intensity of TOCSY cross peaks has until now not 
been used for a quantitative evaluation of J-couplings in nucleic acid spectra. 
The signals in the cross peak multiplets are in-phase, contrary to the situation 
encountered in COSY cross peaks. Thus, for larger molecules with broader lines 
the anti-phase nature of the peaks in a multiplet COSY cross peak may lead to 
cancellation of the signal, a problem not occurring in a TOCSY. 
Heteronuclear correlated spectra. 
For the determination of nucleic acid structures it is essential that information is 
available on the conformation of the sugar phosphate backbone. In this respect 
it is important to be able to study the 3 l P and J 3 C nuclei in addition to the 4 1 
nuclei. One of the experiments that can be used to assign the 3 1 P and/or 1 3 C 
resonances, after the interpretation of the 1Ж spectrum has been completed, is 
the ЧІД-СОЭУ experiment, where X stands for the heteronucleus [57-60] (Fig. 
2-16, P7). In this experiment coherence is transferred from the Ή to X nuclei 
by means of the J(HX)-coupling and detected on the X-nucleus. This experi­
ment, thus, provides a correlation between the protons and X-nuclei. Because 
of the low sensitivity of most heteronuclei compared to 41, it is often advan­
tageous to perform a socalled inverse experiment, in which case Ή instead of 
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X-nucleus coherence is detected [57-59] (Fig. 2-16, P8). A particular version 
of this experiment has been proposed by Sklenar et al. for the study of 3 1 P - 1 H 
correlation [60]. In a first step 3 1 P coherence is created and after an evolution 
period it is transferred into 'H coherence which is then detected. This scheme 
differs from the HMQC pulse sequence in that the first 90° Чі-риіве and the 
180° 'H-pulse are not present, instead a 'H 90° pulse is applied simultaneous 
with the last 90° pulse on the heteronucleus. Detection of 'H coherence is then 
immediately started (no delay Δ ) and no 3 1 P decoupling is applied during ac­
quisition. This experiment allows for the determination of the J(HP)-couplings 
from the anti-phase multiplet patterns of the ensuing cross peaks (Fig. 2· 16, 
P8). 1 3 C at natural abundance ( 1 % ) is difficult to study. For this nucleus in 
particular the socalled HMQC (hetero multiple quantum COSY) experiment is 
useful [58,59] (Fig. 2-16, P8). In this experiment first 'H coherence is created, 
which through the large J(CH)-coupling (150 Hz), is transferred into multiple 
quantum 1 3 C coherence. After an evolution period this coherence is transferred 
back into single quantum Ή coherence which is subsequently detected. Com­
pared to the 1-dimensional 1 3 C measurement a sensitivity gain of approximately 
32% is achieved. 
2.2.4 3 D spectra. 
Recently, three-dimensional NMR spectroscopy has been introduced for biomolec-
ular studies [17,18,61-65]. The advantage of this approach over 2D-NMR lies in 
the gain in resolution that is obtained by spreading the spectral information in 
three dimensions. Sofar nucleic acids have been subjected to TOCSY-NOESY 
and NOESY-NOESY experiments [17,18] (Fig. 2-16, P14 and P15), which pro­
vide improved possibilities for the assignment of proton spectra of nucleic acids 
in particular the H5' and H5" resonances; we shall elaborate on this topic in 
Chapter 7. In TOCSY-NOESY spectra both J-coupling and NOE (distance) 
information is present but sofar this has not been used in a quantitative manner. 
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2.3 Spectrum interpretation. 
2.3.1 Distr ibut ion of resonances. 
The extent to which a structure determination can be carried out depends on 
the successful interpretation of the spectrum, in other words on the possibility 
of assigning particular resonances or cross peaks to certain nuclei or pairs of 
nuclei in the molecule. The interpretation is aided by our knowledge of the 
particular distribution of the resonances throughout the spectrum, e.g. the 
imino proton resonances are always found around 14 ppm, while the methyl 
proton resonances are found around 1 ppm downfield from the reference signal 
DSS (2,2-dimethyl-2-silapentane-5-sulfonate). A compilation of the distribution 
of the 'H resonances and 1 3 C resonances of nucleic acid molecules is presented 
in Fig. 2-9a and b. 
2.3.2 Exchangeable protons. 
As can be seen in Fig. 2-9a the imino proton resonances scatter over an ap­
preciable spectral region. An obvious reason for this behaviour is the large 
number of different combinations of hydrogen bonded bases that can be formed 
(see Fig. 2-2). If not hydrogen bonded, the imino protons of G and Τ (or U) res­
onate around 10 ppm. Upon hydrogen bonding, the resonances shift downfield 
depending on the combination of bases formed. The most downfield shifted 
resonances are found for positively charged bases. A case in point is the posi­
tion of the imino proton resonance of the protonated cytosine occurring in the 
Hoogsteen base pair of a CCG base triple (see Fig. 2-2), which is found around 
15 ppm. The imino proton resonances of Watson-Crick Α-T (or U) pairs are 
found between 14.5 and 13.0 ppm, while those of G-C pairs fall between 13.5 
and 11.5 ppm. Ring current shifts are probably the main cause for the spread 
observed for the resonance positions of particular types of imino protons [66]. 
Other phenomena such as chemical exchange may, however, contribute to this 
spread as well. In all of the mentioned examples imino protons are hydrogen 
bonded to an imino-nitrogen. In other type of base pairs, e.g. the wobble G-T 
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Figure 2.9: (a) Approximate 'ff chemical shift ranges in DNA and RNA frag­
ments, relative to DSS. -C-C-CH3, - 0-CH3, and Ar-NH-CH3: methyl protons 
attached to various groups; Ή2' H2", H3', H4', and Ηδ'/Ηδ" refer to sugar 
protons in DNA; ribo HT: ß-d-ribose H2' proton. (The H3', H4', Н5' and 
П5" protons of RNA have the same chemical shift range as ribo H2'); HI ': HI ' 
proton in RNA and DNA; Ar-Η: aromatic proton; imino Τ (W-C) and imino 
Τ (Η): thymine imino proton involved in Watson-Crick and in Hoogsteen base 
pairing; imino G: guanine imino proton; imino C+: protonated cytosine imino; 
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Figure 2.9: continued, imino non H b: imino proton of either G, Τ or U 
not involved in hydrogen bonding; amino A, amino С and amino C+: amino 
proton of an adenine, cytosine and protonated cytosine residue, respectively; 
the hydrogen bonded amino proton generally resonates downfíeld of the non-
hydrogen bonded amino proton. 
(b) Approximate 1 3C chemical shift ranges in DNA and RNA fragments, relative 
to TMS. Ar С: aromatic carbon; Py C5: pyrimidine C5 carbon; CV, C3', C4', 
C5' and CH3: the CI', C3', C4', C5' and methyl carbon in DNA and RNA, 
respectively; RNA C2': C2' carbon in RNA; DNA C2': C2' carbon in DNA. 
(or U) or T-T base pairs the imino proton is hydrogen bonded to a carbonyl 
oxygen. In this situation imino proton resonances are observed between 12.0 
and 10.0 ppm [67]. 
The behaviour of amino proton resonances is similar to that of the imino pro­
tons. The position of amino proton resonances involved in hydrogen bonding 
in Watson-Crick base pairs is between 6.5 and 8.5 pprri, while the amino pro­
ton resonances of protonated cytosines in G С Hoogsteen base pairs are shifted 
downfield to 9.5 ppm. Hydrogen bonding of amino protons to phosphate groups 
has been observed as well, e.g. in duplexes with protonated A-Α pairs. For this 
situation the amino proton resonance position has been found at s¿8 ppm [68]. 
2.3.3 Non-exchangeable protons . 
The non-exchangeable protons resonate in more narrow spectral regions (see 
Fig. 2-9a). For DNA the resonances of the different type of protons are reason-
ably well seperated on the chemical shift scale except for the H4' and H5 ' /5" 
resonances. For RNA the situation is somewhat less attractive; the introduction 
of the OH-group on the C2' sugar atom moves the H2' resonances downfield 
such that the H2', H3' , H4' and H5' /H5" all resonate in one rather narrow 
spectral region which causes appreciable overlap. For the deoxyribonucleotides 
the H2' and H2" just as the H5' and H5" resonances fall in the same spectral 
region (see Fig. 2-9a) and it is important to be able to distinguish between the 
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two resonances of each of these methylene groups. 
The resonance position of a particular proton in a molecule is in essence de-
termined by its chemical environment. For the analysis of protein spectra this 
notion is of little use, since à priori not much can be said about the local protein 
structure. However, in the DNA (or RNA) double helix the direct environment 
of any particular proton is determined by the nucleotide sequence which is also 
a determinant of the local conformation. Therefore, to explain the spreading of 
the resonance positions of particular protons in double helices, at tempts have 
been made to relate their chemical shifts within the framework of the base 
sequence in which they are incorporated. The large dataset available for the 
resonance positions of the non-exchangeable protons in B-type double helices 
formed by DNA oligonucleotides lends itself to such an approach. In an analysis 
of over 600 nucleotides, the resonance positions of the non-exchangeable protons 
(except for H5', H5" and H2) of a nucleotide, being part of a tri-nucleotide in a 
B-type helix, were examined [69]. Most of the resonance positions turn out to 
be influenced mainly by one base. For the H5 of cytosine and the Me of thymine 
it is the base on the 5'-side and for HI ' the one on the З'-side. The positions 
of the remaining proton resonances, i.e. H2', H2", H3', H4' and H6/H8, are 
predominantly determined by the base of the central nucleotide to which these 
protons are attached. The chemical shift distribution profiles are relatively 
broad, their widths vary between 0.3 and 0.6 ppm. Thus, there must be other 
factors involved than just the influence of the bases discussed above. Further 
analysis of this effect showed that the distribution of the chemical shifts of the 
protons of the central residue in a data set of a particular trinucleotide, e.g. 
ATA, TAT, CGC or GCG, is generally not narrower than that of the total da ta 
set. The spreading in these resonance positions can in part be attr ibuted to the 
different experimental conditions at which the measurements were performed 
or to long range effects involving more remote sites in the DNA duplex. 
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2.3.4 1 3 C resonances. 
Fig. 2-9b provides an overview of the 1 3 C chemical shifts found for nucleic acids. 
A large number of factors may influence the resonance positions of the carbon 
atoms. For a detailed discussion of the relation between the chemical shifts, 
base pairing and stacking in nucleic acids we refer to [66]. Here we just want to 
point out to the interesting feature that the carbon chemical shift profiles of the 
ribose and deoxyribose groups show that the C5' resonances are well resolved 
from those of the other sugar carbons. This is of value for the assignment of 
both 'H and 1 3 C resonances through HETCOR experiments which make use of 
selective excitation. 
2.3.5 3 1 P resonances. 
Examination of the chemical shift distribution profiles of the 3 1 P resonances 
of the phosphates in nucleic acids shows that two classes of signals can be 
distinguished. Resonances from the sugar-phosphate backbone of more or less 
regular A- and B-type helices which cover a region of 0 to 1.2 ppm with respect 
to the resonance position of an external 15% aqueous solution of H 3 P 0 4 which 
is used as a reference in these studies. Outside this region, i.e. 4 ppm up-
or downfield, one may find additional resonances. These signals arise from 
monoester-phosphate groups at the terminal ends of nucleic acid chains and 
from diester phosphate groups which have conformations deviating significantly 
from those in regular A- or B-type helices or which are involved in specific 
interactions. The monoester-phosphate signals are shifted downfield from 0 
ppm depending on their state of protonation. For its non-protonated state the 
3 1 P resonance is at 3.5 ppm, protonation shifts the signal upfield. NMR studies 
of model systems and theoretical calculations [66,70-73] have shown that the 
3 1
Ρ chemical shifts of phosphate groups are sensitive to the conformation of 
the sugar-phosphate backbone, the ionization state of the phosphate group, 
to complex formation with metal ions and to the character and structure of 
chemical substituents bound to the phosphate oxygens. Experimentally it is 
rather difficult to discriminate between different effects, e.g. the 3 1 P chemical 
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shift is quite sensitive to changes in the O-P-0 bond angle, but also alters 
as a function of the values of the torsion angles ζ and a . Yet some general 
remarks with respect to the observed shifts can be made with some practical 
consequences for structure determination. The first concerns diester-phosphate 
resonances which are shifted about 1 to 3 ppm downfield. These resonances have 
been observed in tRNAs, in complexes of drugs with double stranded DNA and 
in Z-DNA [70]. These resonances are assigned to phosphates in which the ζ 
and α torsion angles have switched to the g(+) and t domain or vice versa. As 
has been mentioned, the resonances arising from the phosphates in A-type or 
B-type helices are found between 0 and 1.2 ppm; the torsion angles ζ and α are 
thought to be both in the gauche domain, be it g(+) or g(-). This spread in 
positions has been interpreted as a demonstration of the sequence or positional 
dependence of the conformation of the local phosphate backbone leading to 
subtle changes in ζ and a. Reliable rules for the interpretation of the shifts are, 
however, not available. The origin of the resonances upfield from 1.2 ppm is less 
clear; further experiments are necessary to unravel the mechanisms underlying 
the observed shifts. 
2.3.6 Ass ignment strategies. 
The procedure for the interpretation of nucleic acid spectra can be broken 
up into two steps: first the assignment of the signals to particular residues 
(mononucleotides) and/or base pairs. The connectivity patterns of the indi­
vidual networks of J-coupled spins are traced by means of COSY and TOCSY 
experiments. Apart from the J-coupled spins, the remaining protons have to be 
correlated by NOEs. In a second step the sequential assignment has to be made 
in which signals are attributed to certain residues in the nucleic acid sequence 
[74-77]. This approach is the same as that applied to protein spectra but, due 
to the character of the nucleic acid chain, the role of NOE experiments is more 
dominant than in protein NMR studies. As for proteins, the distances of the 
most abundant secondary structure elements have served to set up the assign­
ment procedures; for nucleic acids these are the A- and B-type double helices. 
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It is convenient to distinguish between two categories of protons: 
• The imino and amino protons in the inner part of the double helix. 
• The base ring protons H6 and H8 on one hand and the sugar protons HI ' , 
H2' and H2" on the other hand. 
Sometimes, the non-exchangeable protons on adjacent bases or basepairs are 
used in the sequential assignment procedure, but depending on the base(pair) 
sequence the distances between these protons may vary to such an extent that 
oftentimes the chain of connectivities will be disrupted. In this respect these 
protons are therefore of limited value. As an aid in the assignment process, ear-
lier recorded COSY and/or TOCS Y spectra can be used to identify for example 
H5-H6 cross peaks from cytidines and H6-Me connectivities from thymidines to 
distinguish between the H6 positions of the two residue types. In addition, the 
chemical shift profiles shown in ref. [69] provide a guideline for the approximate 
resonance positions of the non-exchangeable protons. 
The exchangeable protons (imino and amino protons) represent one and the 
non-exchangeable H6/H8 and HI ' , H2'/H2" protons represent a second route 
for sequential assignment. They can be linked together and this may sometimes 
aid in the analysis of more complicated nucleic acid molecules. Thus, the GH1 
resonance can, via the amino protons of the cytidine base which forms a base 
pair with the guanine base, be connected to the CH5 resonance of this cyti-
dine. Subsequently, through the connectivity of this resonance with the CH6 
resonance of the cytidine, the GH1 resonance is linked to the backbone proton 
signals. The distances in this sequence of protons are all smaller than 5Â. The 
AH2 resonances can very often be identified through their NOE connectivities 
with the resonance from the T(U)H3 proton in the same base pair. The dis-
tance between these two protons is 2.8Â. Assignment of the AH2 resonances is 
important in situations where inter-strand cross peaks are seen between these 
AH2 resonances and H I ' resonances, which help to establish the details of the 
conformation of the double helix. 
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Stereospecific ass ignment of H 2 ' and H 2 " as well as H 5 ' and H 5 " 
resonances . 
The assignment of these resonances is very often based on their relative position 
in the spectrum: 
• H2' resonates upfield from H2". 
• H5' resonates downfield from H5" (Remin and Shugar's rule; [78]). 
For irregular structures, however, the availability of a more thorough procedure 
remains necessary. 
H2' and H2" resonances. 
The H2' and H2" signals can be identified on the basis of the intensity of their 
NOE connectivities to HI ' , provided spin diffusion effects are neglible or can 
be accounted for. Under these conditions the Hl ' -H2" cross peaks will be more 
intense than the Hl ' -H2 ' cross peaks. This is basically true throughout the 
pseudorotation cycle of the sugar moiety. Analysis of the J-couplings J(1'2') 
and J(1'2") may aid in the stereospecific assignment even when the sugar is 
involved in an N ^ S equilibrium. When the time a sugar spends in the S-
conformation is smaller than 50%, J(1'2') will always be smaller than J(1 '2") . 
In the pure N-conformer J(1'2') will be almost negligible. On the other hand, 
if a sugar spends more than 70% of the time in the S-state J(1'2') > J(1 '2") . 
H5' and H5" resonances. 
The stereospecific assignment of H5' and H5" resonances is intimately connected 
to the determination of the torsion angle 7. It can be achieved by combining 
measured J(4'5') and J(4'5") couplings with the intensities of NOE cross peaks 
between the resonances of the proton pairs H3'-H5', H3'-H5", H4'-H5' and H4'-
H5". This can best be illustrated by making use of Fig. 2-10. If both coupling 
constants J(4'5') and J(4'5") are small (i.e. Rí2-3 Hz) and we assume that 
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Figure 2.10: (A) J(4'5') and J(4'5") coupling constants calculated as a function 
of the torsion angle η on the basis of the Kaiplus relations (Table 2-3). 
(B) lH-lH distances d,(3';5'), d¡(3';5"), ά{(4';5') and d¡(4';5") as a function of 
torsion angle 7. 
only the normal staggered conformations can be populated then the backbone 
angle 7 is in a g(+)-conformation. In this situation the intensity of the H3'-
H5' and H3'-H5" NOE cross peaks will differ significantly. Since d¿(3';5") « 
2.4 Â and d,(3';5') « 3.8 Â the NOE for H3'-H5" will be much more intense 
and this establishes the identification of the H5" resonance. The 7( t) and 
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Figure 2.11: Plot of J(4'5') and J(4'5") as a function of the fraction y(+), 
assuming that the -y(-) state is not populated. J(4'5") is larger than J(4'5') if 
the fraction *у(+) is less than 85%. 
7(-) state can be distinguished from the 7 ( + ) state because then either J(4'5') 
or J(4 '5") becomes of the order of 10 Hz or these coupling constants become 
both large, i.e. 7.5 - 11 Hz (see Fig. 2-10). The intensity of the NOE cross 
peaks can help us distinguish between these two states. For the 7(t) conformer 
d,(3';5') и d,(3';5") sa 2.6 A which gives rise to reasonably intense NOE cross 
peaks. Then the proton pair with the large J-coupling will be H4'-H5" and 
this establishes the position of the H5" resonance. In case 7 adopts a gauche(-) 
conformation the intensity of the H3'-H5' and H3'-H5" NOE cross peaks is again 
quite different, the most intense cross peak belonging to the H3'-H5' pair. This 
establishes the H5' resonance position. In case a rapid equilibrium (on the 
NMR timescale) exists between the three staggered conformations, obviously, 
the situation becomes more complicated. The data available sofar indicate 
that in the majority of cases the 7(-) state is hardly populated. Then the 
average value of J(4 '5") is always larger than that of J(4'5') except when the 
7 ( + ) population is larger than 85% (see Fig. 2·11). Also, in case there are no 
indications to the contrary, e.g. no unusual chemical shifts, one often falls back 
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on Remiii's and Shugar's rule for the stereo specific assignment of H5' and H5" 
signals [78]. 
2.4 Conformational analysis. 
In the preceding section Ovcrhauser effects and J-couplings played an impor­
tant role in the analysis of the nucleic acid spectra. Here the use of these 
parameters in nucleic acid structure determination will be outlined. First, it 
will be briefly described how from J-coupling and NOE data torsion angle and 
distance constraints can be derived. In our view it is important to have a good 
understanding to what extent torsion angle and distance information are able 
to define the structure of the building blocks of nucleic acid molecules, i.e. the 
conformation of the furanose ring and the mononucleotide. This facilitates the 
assessment of the importance of particular distance or torsion angle constraints 
in the structure determination procedure and also the assessment of the quality 
of the structures determined along the lines described in a following section. 
Thus, we go on to discuss which structural constraints determine the pseudo 
rotational parameters of the sugar moiety and the value of the torsion angle χ, 
which together define the mononucleotide structure. Attention will also be paid 
to the influence of internal molecular mobility. Subsequently, we consider the 
determination of the backbone torsion angles which are important in constrain­
ing the conformational space available to a dinucleotide. Again the influence 
of internal mobility on the determination of the values of these parameters is 
considered. 
2.4.1 N O E s . 
Information on interproton distance constraints is provided by NOE experi­
ments [25,26,79]. It has been shown that in structural studies of proteins the 
quantity of these NOE constraints is more important than their quality in the 
sense that it suffices to interprete strong, medium and weak NOEs to correspond 
with distance constraints 2.0 to 2.5, 2.5 to 3.5 and 3.5 to 5.0Â respectively. For 
Structure determinat ion of nucleic acids. 41 
nucleic acids it is worthwhile and necessary to derive more accurate interproton 
distances from the volumes of the NOE cross peaks. Approaches which take 
account of spin diffusion effects, e.g. the full relaxation matrix treatment, have 
been developed and programs (IRMA [80,81] MARDIGRAS [82-84]), in which 
this approach has been incorporated, have been developed to deduce reliable 
distance information from NOE spectra. Overhauser effects result from the 
transfer of magnetization between different spins, e.g. spins i and j . The pulse 
sequence used to generate 2D NOE spectra is given in Fig. 2-16, P5 . The actual 
transfer of magnetization takes place during the mixing period. The time de­
pendence of the magnetization of the individual spins created after the second 
90° pulse can be described by a set of differential equations which, in matrix 
form, are given by [25,26]: 
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(г) is the momentaneous z-magnetization of 
the i-spins, М
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(г) represents the corresponding equilibrium magnetization. The 
elements of the relaxation matrix, R, i.e. the cross relaxation rate constants, 
σ,3, and the auto-relaxation rate constants, R„, are given by: 
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where q is a constant, i.e. q = 0.ΐ74(1ι/2π)2 (=5.69 χ IO4 s " 2 n m 6 for protons), ω 
is the Larmor frequency and т
с
 is the rotational correlation time. The equations 
are based on the usual assumptions and simplifications: predominance of the 
dipolar relaxation, neglibility of cross correlation and a single correlation time 
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for the whole molecule. The formal solution to Eqn. 2-7 is (in short-hand 
matrix notation): 
M ( r
m
) = e R T " M ( 0 ) (2.10) 
M(0) is the magnetization vector at time zero, i.e. directly after the second 
90° pulse and M ( r
m
) the magnetization vector at the end of the mixing time. 
From this result the intensities, I,,·, of the individual diagonal and cross peaks 
in the 2D NOE spectrum can be deduced [25,26]: 
/
v
-(r
m
) ос [ е ^ - ^ М Д О ) (2.11) 
The exponential can be expanded in a power series in the mixing time r
m
. For 
short mixing times: 
η 
/.,· = < 7 0 r m - | - X > l t < r t j T m 2 + (2.12) 
1 = 1 
It is noted that, for conditions at which the series can be truncated after the 
first term, the NOE intensity increases linearly with r
m
 and is proportional to 
l / r 6 ij. Such calculations of distances are said to make use of the 'isolated spin 
pair approximation' (ISPA) [25,26]. If one has also to account for terms squared 
in r
m
, socalled spin diffusion effects play a role, i.e. there is a contribution to 
the Overhauser effect between spins i and j mediated via spins k. In practice, it 
is often very hard if not impossible to decide whether the limit of short mixing 
(which rules out contributions from spin diffusion) is applicable in a particular 
experimental situation. Thus, to be able to extract reliable distances from the 
NOE experiment the values of the elements of the relaxation matrix, R, should 
be known. These can be derived from the exponential matrix defining the NOE 
intensities, [ e R T - ] . Thus 
R = _ χ ί ^ χ - ι (2.13) 
Tm 
where X denotes the matrix of the eigenvectors of the relaxation matrix R and 
D is the diagonalized NOE matrix [e - ] . Once R is known the distances can be 
Structure determinat ion of nucleic acids. 43 
calculated from the individual matrix elements. In practice, mainly as a result of 
peak overlap and incomplete assignment of the spectrum, the NOE matrix will 
be incomplete and the relaxation matrix cannot be derived in a straightforward 
manner. This problem can be approached as follows. A model for the molecule 
under study is used to simulate a 'theoretical' NOESY spectrum using Eqns. 
2-8, 2·9 and 2-11. This trial model can be derived from distances deduced from 
the available NOESY data by assuming that the NOE intensities correspond 
with the first term of the r.h.s. of Eqn. 2-12 or this can be a model which 
is just guessed, e.g. a B-type helix. The NOEs in the 'theoretical' matrix are 
scaled with respect to the available experimental values and subsequently in this 
matrix those elements are replaced for which experimental values are available. 
In this way, a hybrid NOE matrix is constructed which is complete and from 
which the elements of the relaxation matrix can be calculated and in turn 
the interproton distances can be deduced. From here on different approaches 
can be taken. In one approach (IRMA or related methods [80-85]) the initial 
trial model is updated with the new distances and the procedure is repeated 
until a good fit between the calculated and experimental NOEs is obtained. 
In a second approach (MARDIGRAS [82-84]) those elements are reset which 
correspond with cross peak rate constants of spin pairs with fixed distances 
or of spin pairs for which no NOE cross peaks are observed. Moreover, the 
diagonal elements are replaced on the basis of Eqn. 2-9. The resulting relaxation 
matrix is subjected to a new round of computations and so on until a good fit 
is obtained between experimental and simulated NOEs. Thus, from the first 
method a family of structures will be obtained which give a description of 
the molecular structure as determined by NMR. The second method provides 
a set of distances which together with other information, e.g. torsion angle 
information, has subsequently to be translated into a structure. 
A problem which may occur in the complete relaxation matrix treatment is the 
generation of negative eigenvalues from the hybrid NOE matrix. This hampers 
the back calculation of the relaxation rate constants (Eqn. 2-13). To avoid 
this problem methods have been proposed which only consider relative small 
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cross-relaxation networks involving a subset of the total set of protons of the 
nucleic acid molecule. Again, the calculation of distances can be approached in 
different ways. One solution, which has succesfully been applied, starts from 
a three-dimensional model and uses a least squares optimization procedure to 
fit the appropiate terms in the relaxation matrix directly to the experimental 
NOEs [86]. In a second method, which is akin to the 'isolated spin pair ap-
proach' in that a single distance is determined from a single NOE, the resulting 
distances are still corrected for spin diffusion. In this procedure (N02DI [87]) it 
is not necessary to introduce a starting model although one could if so desired. 
The computations are started with 'zeroth order' estimates for the distances 
corresponding to a set of NOEs which are part of a relaxation network of a 
subset of protons. These distances can be estimated via Eqn. 2-12, estimated 
from a model or be just trial distances (e.g. 10À). The relaxation matrix de-
rived from these distances is used to construct the NOE matrix. Subsequently, 
a new and better estimate for the distances is obtained by scaling the old dis-
tances with the 6th power root of the calculated over the measured NOEs. The 
new value of the distances is used to construct a new relaxation matrix and 
the computational cycle is started again until a good fit between calculated 
and experimental NOEs is obtained. A crucial aspect of the computational 
procedure is that the NOEs are sorted such that the distances belonging to 
the most intense NOEs are optimized first. Experience gained sofar with these 
methods for distance determination is that the outcome is not very sensitive 
to the initial distances introduced into the calculations. The accuracy of the 
derived distances, insofar as corrections for spin diffusion are being made, may 
depend, however, on the experimental dataset used in the calculations. As a 
rule of thumb, one should use data obtained at shorter mixing times, where the 
equalizing effect of spin diffusion is not yet too pronounced. If the NOE peak 
intensities are tending to a common value insufficient information is retained 
to reliably determine distances. 
Sofar, it has been assumed that the considered molecules are rigid. There 
are strong indications, however, that nucleic acid molecules in solution may 
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be quite flexible and that intra-molecular conformational interconversions may 
occur. For example, the furanose ring may interconvert between N- and S-type 
conformations and a methyl group may rapidly rotate around its axis. We have 
to consider, therefore, how this affects the determination of the interproton 
distances from the observed NOE intensities. The following division can be 
made according to the time scales involved in the interconversion processes 
[25]. Descending the list corresponds to an increasing rate of intra-molecular 
motion. 
• Interconversion is slow on the chemical shift time scale; the NMR spec-
trum is a superposition of the NMR spectra of the different conformers 
and the NOEs pertain to these different conformers. Two cases can be 
distinguished. 
- Interconversion is slow compared to NOE buildup (i.e. Ti) , averaging 
occurs over NOE enhancements. 
- Interconversion is faster than T ^ averaging occurs over cross- and direct 
relaxation rates. 
• Interconversion is fast compared to the chemical shift differences; one 
averaged spectrum will be observed for the different conformers present 
in solution. Again two situations can be distinguished. 
- Interconversion between different conformers is slow compared to the 
overall rotational correlation time of the molecule. The distances in 
the elements of the relaxation matrix, obtained from the observed 
NOE effects, are now < l / r 6 > in which < > denotes the averag-
ing over the allowed conformations. Thus, for a two site exchange 
problem: 
/., = ƒ./ . , a + №„ b (2.14) 
where ƒ„ and fa denote the fractions and It] " and I,} b the NOE 
intensities of conformers a and b. Furanose interconversions, i.e. 
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Ν- to S-type transfers, probably fall into this exchange category. 
Therefore this approach has been used to predict the effect of the 
N-S interconversion on the NOE effect observed for e.g. the H3'-H6 
proton pair. 
- Interconversion is faster than the overall tumbling time of the molecule. 
Rotation of methyl groups around their symmetry axis is considered 
to fall into this category. The distance constraints in the elements of 
the relaxation matrix, obtained from the observed NOE effects, are 
now < l / r 3 > 2 where < > again denotes the average over the allowed 
conformations. Moreover, when the internal rotation is much faster 
than the overall rotation the elements in the relaxation matrix (Eqns. 
2-8 and 2-9) have to be multiplied by a factor i ( 3 c o s 2 a - 1) [25,88]. 
Corrections accounting for these effects have been incorporated in 
most of the above-mentioned programs as a model independent cor­
rection factor [89]. 
2.4.2 J - c o u p l i n g s . 
For nucleic acids, J-coupling information is especially important since it is 
sometimes difficult to characterize the structure of certain elements of these 
molecules by NOEs alone, e.g. the conformation of the sugar rings (vide infra). 
In particular, the values of the vicinal coupling constants are of great signifi­
cance since these are related to the torsion angles. In the translation of these 
J-couplings to torsion angles use is made of the celebrated Karplus equation 
and its decendants. In Table 2-3 the Karplus equations [90-92] are summarized 
which are of particular value in nucleic acid research. These are empirical rela­
tionships but they have been tested extensively and have proven to be reliable 
in structure determination. This is not meant to say that they could not be 
improved. Examination of Table 2-4 shows that the backbone angles /3, 7 and 
e as well as the furanose ring are amenable to J-coupling analysis. 
The torsion angles α and ζ and the glycosidic torsion angle χ cannot be charac-
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Karplus equations 
3JHH = Λ cos2 φ + P2 cos φ + P 3 + 
Σ ί . ι Δχ,(Ρ 4 + A cos2(e,«A + P6 | Δχ, |)) + AJ 
Αχ, = Δ χ , , 0 - Ρ 7 Ε ' = ι Δ χ . , ^ 
3J(HCOP) = 15.3cos2¿-6.2cos<j!>+1.5 
aJ{CCOP) = 8.0 cos2 <A-3.4 cos 0 + 0.5 
Δχ,
ι 0 , Αχ,}ιβ·. Huggins electronegativity difference between α οτ β sub­
stituent and H; with Δχ, „, Δ χ
ν β
 = 1.3 (Ο), 0.4 (C), 0.85 
(Ν),-0.05 (Ρ). 
f,: relative orientation factor of substituents. In Newmann pro­
jection of H a S i a S a a - C i ^ ^ a S ^ H b : Si
a
 has positive posi­
tion, ξ, = +1, if H0-Ci-S,a = 120°, negative position, ξ, 
= -1, if angle = -120°. 
AJ : -2.0cos(P-234) for 144° < Ρ < 324° for J1'2" 
-0.5cos(P-288) for 198° < Ρ < 360° and 0" < Ρ < 18° 
for J2'3' 
in all other cases AJ = 0.0 
φ: torsion angle (°) 
Numerical values of Ρ in Karplus equations depending on number of 
subst i tuents 
number of subst i tuents Pi P 2 P 3 P 4 P 5 P $ P 7 
2 a substituents 
3 α substituents 
4 α substituents 
overall 
13.89 
13.22 
13.24 
13.70 
-0.96 
-0.99 
-0.91 
-0.73 
0 
0 
0 
0 
1.02 
0.87 
0.53 
0.56 
-3.40 
-2.46 
-2.41 
-2.47 
14.9 
19.9 
15.5 
16.9 
0.24 
0.00 
0.19 
0.14 
Table 2.3: Relations between torsion angles and J-couplings. 
terized in this way because the necessary, coupling spins are missing. Because 
of internal molecular mobility individual torsion angles may, during the course 
of time, adopt different staggered conformations. If the motion is fast with 
respect to the values of the J-coupling constants, the weighted average of the 
J-couplings of the different conformers will be observed in the NMR spectrum. 
This effect will be discussed below in relation to the determination of the indi­
vidual torsion angles. 
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J-couplïngs between nuclei, monitoring backbone torsion angles 
torsion angle 
β 
7 
£ 
С 
J-coupled nuclei 
C4T5 H5'P5 H5"P5 -
Η4Ή5' Η4ΊΙ5" СЗ'Нб" C3'H5"* 
Η3Ή4' C5'H3'* C5'C2" -
НЗ'РЗ C4'P3 C2'P3 
*: these torsion angles have as yet not been used. 
11
 : the torsion angle δ determines the sugar pucker which can also be de­
termined via J-couplings beween other sugar protons (vida supra) 
u
: the J-coupling between HI' and C2/C4 or between ΗΓ and C6/C8 may 
be a future candidate to determine the torsion angle χ. 
Table 2.4: Relations between torsion angles and J-couplings. 
2.4.3 Conformation of the furanose ring. 
T h e furanose conformation as reflected through J-couplings. 
As has been discussed before, the conformation of the furanose ring can be 
characterized by two parameters the phase angle of pseudorotation, Ρ, and the 
pucker amplitude, ф
т
. These parameters are related t o the endocyclic torsion 
angles (see Eqn. 2-1) which in turn can be correlated with the vicinal proton-
proton coupling constants in the sugar ring via the EOS-Karplus equation in 
Table 2-3. Thus, knowledge of two independent J-couplings permits the de­
termination of the conformation of a rigid furanose ring. It appears that the 
coupling constants J(1'2'), J(2"3') and J(3'4') are good indicators of the sugar 
conformation [93]. For the most important values of P, i.e. for Ρ is 0° to 36° and 
Ρ is 150° to 190° (N- and S- conformations respectively), the variation of the 
J-couplings is limited to 1 or 2 Hz when ф
т
 is constrained to values between 
35° and 42°, in other words the J-coupling is hardly sensitive to changes in 
ф
т
, when this parameter is varied within practically allowed boundaries. The 
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changes in the coupling constants , in particular the aforementioned J(1 '2 ') , 
J(2"3') and J(3 '4 ') , are much larger for variations in P, e.g. for N-type sugars 
J(1'2') is small, « 1 Hz, while for S-type sugars J(1'2') is large, ÍS 10 Hz. The 
furanose rings occur in N- or S- conformations (and does normally not adopt 
other conformations) and, due to rapid interconversion between the two forms, 
average J- couplings are observed [1]. Thus, 
Job, = fNJN+fsJs (2.15) 
with Job, being the observed J-coupling, fN and / s the fraction of N and S con-
formers respectively and JN and Js the J-coupling in the N- and S-conformer 
respectively. This notion was first borne out of the observation that in well-
resolved structures obtained by X-ray diffraction studies of smaller molecules, 
the furanoses were found to be clustered around the СЗ'-endo (N-type) or the 
C2'-endo S-type) conformation [12]. When a rapid equilibrium exists between 
these two forms and it is possible to measure all five averaged coupling con­
stants of the sugar ring the conformational parameters characterizing the two 
states can be deduced, since in this situation five unknowns have to be solved, 
i.e. Pjv, Φ„,Ν, P s , ФтБ and K, i.e. the pseudo-rotation parameters of the N-
and the S- forms and the equilibrium constant describing the N-S equilibrium. 
It is noted in passing that in this situation as well as in those discussed below, 
where one adjusts five conformational parameters to five experimental parame­
ters, excellent fits may be obtained but the procedure may nevertheless lead to 
physically unrealistic conformational parameters. One way around this problem 
is to constrain the pseudorotation parameters of the less abundant conformer. 
In practice, it is oftentimes not feasible to measure the individual coupling con­
stants or to obtain all five J-couplings of the sugar ring. Then it is still possible 
to make an estimate of the percentage of N and S conformers and of their 
conformational parameters (vide infra). Obviously, the furanose conformation 
is not only characterized by individual coupling constants but also by linear 
combinations thereof. In particular, sums of coupling constants may be very 
useful because oftentimes it is easier to deduce these from the spectra or from 
the cross peaks than individual coupling constants. The sum of the coupling 
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constants of a certain proton is just the distance between the outer peaks of its 
multiplet signal or cross peak. It has been exploited [94] that the three sums 
of coupling constants 
Σ2 ' = J(1'2') + J(2'3') + 7(2'2") (2.16) 
Σ 2 " = J(1'2") + 7(2"3') + J(2'2") (2.17) 
Σ 3 ' = J(2'3') + J(2"3') + J(3'4') (2.18) 
in combination with the individual coupling constants J(1'2') and J(1'2") have 
the same information content as the five individual constants J(1'2'), J(1 '2"), 
J(2'3 '), J(2"3 ') and J(3'4'). This information can be used in a graphical deter­
mination of the pseudo-rotation parameters [94]. If the system is not confor-
mationally pure then first an estimate is made of the fraction of S-conformers 
present for a particular sugar for which several empirical relationships are avail­
able. An excellent determination of the fraction of S-type sugars can be per­
formed with the expression: 
f s = ( 3 1 . 5 - Σ 2 " ) / 1 0 . 9 (2.19) 
In case Σ 2 " is not available, e.g. when the H2' and H2" signals are (nearly) 
isochronous, then estimates can be obtained from the equations: 
f
s
 = (16.9 - J(2'3') - J(2"3'))/8.9 (2.20) 
and/or 
f
s
 = ( Σ 1 ' - 9 . 8 ) / 5 . 9 (2.21) 
Estimates of the fraction of S-conformers are required to be able to calculate 
the conformational parameters of the S- and the N-conformers. 
T h e furanose conformation as reflected through N O E effects. 
In the literature attempts have been made to determine the sugar conformation 
on the basis of NOE distance constraints between the sugar protons [1]. In 
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our experience and that of others analysis of the J-couplings is more suited 
for the description of the furanose ring. The reason for this follows from an 
examination of Fig. 2-5, where the distances between the protons in the sugar 
ring have been plotted as a function of the phase angle of pseudorotation. It 
is clear that the variations of the distances between the protons as a function 
of Ρ is less than 0.3 Â, except for d,(l ';4') and d,(2";4'). This is less than 
the accuracy of a distance determination expected from NOE measurements 
(± 0.2Â or worse). The distances d,(l ';4') and d,(2";4') vary sufficiently to 
convey information concerning the sugar conformation. The distance d,(l ' ;4') 
is of little use, however, for distinguishing between N and S, since it is about 
equal for the N- and S-conformers. Only in case the sugar would adopt a 
conformation intermediate between an N- and S-type pucker, i.e. Ρ ss 90°, 
it could be monitored by Hl '-H4' connectivities in the NOE spectrum. This 
leaves d,(2";4') as a measure of Ρ (at a given ф
т
) but it should be remarked 
that the determination of this distance is particularly sensitive to spin diffusion 
effects. If these can be accounted for, H2"-H4' connectivities may provide 
useful information, whether the sugar adopts a rigid N- or S-conformation, but 
obviously only for dcoxy-ribose sugars. Another distance that has been quoted 
to be sensitive to the sugar conformation is d,(3';6) or d,(3';8), when the base 
is in an anti-orientation [25]. Indeed, with the sugar in the N-conformation the 
distance between H3' and the ring H6 or H8 becomes short, i.e. between 2 and 
3 A, which should result in intense NOE effects in contrast to the situation 
where the sugar has adopted an S-conformation where the distance between 
H3' and the ring H6 or H8 is between 4.5 and 5 Â and only small NOEs are 
generated. Since these effects are intimately connected with the determination 
of χ a more detailed discussion is given in the following section. The conclusions 
obtained sofar are only valid for rigid sugar conformations. When a rapid 
interconversion between the N- and the S-puckers takes place the situation 
changes markedly, as we have seen in connection with the J-coupling analysis of 
the sugar conformation. This is demonstrated in Fig. 2·12. Here, the contours 
of the distance between H3'-H6 have been plotted as a function of the percentage 
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Figure 2.12: Contours of d,(6;3') plotted as a function of N/S and χ. The 
averaged distance d,(6;3') is calculated according to: 
d,(6;3') = (%N/(d,(6;3%f) + ((l-%N)/(dt(6;3')sf)-^. 
The same value for torsion angle χ is assumed for the N- and S-type sugar. In 
practice χ-anti is about 20G" in N-type sugars and about 26CP in S-type sugars, 
and when this difference is taken into account the contourpiot does not change 
signifìcantly. 
of N-conformer and the value of the glycosidic torsion angle (in the nucleotide 
with the N-type sugar), for a rapid interconversion between the N- and the 
S-form. It is clear that already for an admixture of « 10% of N-conformers 
an intense NOE effect for the H3'-H6 pair can be expected, rendering such an 
observation rather useless as a tool for the determination of either the N /S 
equilibrium or the sugar conformation. 
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2.4.4 R o t a t i o n about the χ angle. 
The distance d,(6/8;l') is basically independent of the sugar pucker and H6/H8-
H l ' connectivities therefore are obvious candidates for estimating the torsion 
angle χ (Fig. 2-6). In practice, however, it is not possible, given the experi­
mental accuracy of the distance determination (±0.2A), to determine χ more 
precisely than ±50°. Rather, d,(6/8;l') may be used to establish its global 
range, i.e. whether χ is in the syn- or anti-domain. The combination of the 
distances d,(6/8;2') and d,(6/8;2") do, however, provide a good measure for 
the value of the glycocidic torsion angle. These distances depend strongly on 
χ, in particular in the range χ = 180° to 300° and χ = 30° to 90°, domains 
which comprise the χ-values most abundant in nucleic acids. Moreover, these 
distances hardly depend on Ρ for N-type as well as S-type sugars. As was men­
tioned in the preceding section, it is possible to constrain the phase angle of 
pseudo-rotation, P, of a rigid sugar conformation when d,(3';6/8) can be esti­
mated. In fact the combination of d,(6/8;2'/2") and d,(3';6/8) confines at the 
same time the value of Ρ as well as that of χ. 
In case an N/S equilibrium exists it can be illustrated by Fig. 2-13 that it is 
possible to determine the N/S ratio as well as χ from the distance constraints, 
but with limited accuracy in so far as the value of N/S is concerned. 
In fact, taking a reasonable value for the error in the distance determination, 
±0.2A, the angle χ can be determined from these distances with an uncertainty 
of ±10°. The uncertainty in the N/S ratio depends on the value of the N/S 
ratio. These NOE distances can define the boundaries of the nearly pure N- and 
S-conformations quite well. For average distances corresponding to a 1:1 ratio, 
the uncertainty in the determined value of N/S may increase to ± 3 0 % . It is 
noted in passing that knowledge of the other intra-nucleotide distances does not 
help to further confine the values for χ and N/S. An uncertainty in the distance 
larger than ±0.2A degrades the possibility to establish the value of N/S, i.e. an 
uncertainty of ±0.5A in the distances makes it virtually impossible to determine 
N/S, except in the case of an almost pure S-type sugar. In conclusion, given a 
reasonable accuracy (±0.2A) for the distance determination, d,(6;3') and 
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Figure 2.13: Combination of contours of d,(6;2,/2") and d,(6;3') as a function 
of N/S asid χ. Average distances were calculated under the assumptions of 
Fig. 2-12 (a) contours typical for B-type DNA distances. The upper- and 
lower bounds for the distances were set at +0.2A and -0.2A from the median 
distances, d,(2';6) = 2.2Â (vertical shading), d,(2";6) — 3.6Â (diagonalshading) 
and d,(3';6) = 3.9A (horizontal shading). The dark region represents the area 
to which N/S and χ are constrained (this applies also to (b) and (c)). As can 
be seen the allowed values for Ρ and χ both lie in a rather narrow range, (b) 
Contours for average distances typical for a 1:1 ratio of A- and B-type DNA. As 
in (a) the distance ranges are ±0.2À. The average distances used are d,(2';6) = 
3.1Â (vertical shading), d,(2";6) = 4.2À (diagonal shading) and d,(3';6) = 3.0Â 
(horizontal shading). As can be seen these distances do still determine N/S ratio 
albeit with limited accuracy (20 to 80%), but the torsion angle χ remains well 
determined (200° - 220°). (c) Contours typical for Α-DNA distances; distances 
used are, d,(2';6) = 4.0Â (vertical shading), d,(2";6) = 4.5Â (diagonal shading), 
and d,(3';6) = 3.0Â (horizontal shading), with distance ranges of±0.2A. As can 
be seen the allowed values of both torsion angle χ and N/S ratio lie in a rather 
narrow region. 
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d,(6;2') are sufficient to determine both the value of χ and N/S, albeit the 
latter with limited accuracy (±30%). If, however, from J-coupling analysis the 
N/S ratio is available the torsion angle χ can be determined with reasonable 
accuracy from d,(6/8;3') and/or d,(6/8;2'/2"). 
2.4.5 T h e backbone angles. 
Conformation around 0 5 ' - C 5 ' . 
The value of the torsion angle β (P-05'-C5'-C4') can be determined by making 
use of the coupling constants J(H5'P), J(H5"P) and J(C4 'P) . The Karplus 
equations valid for these coupling constants are summarized in Table 2-3 [91,92] 
(see also Chapter 4). The lowest energy conformation is the /?'-form which is 
observed in regular double helices of RNA and DNA. For the /î'-form a relatively 
large value for J (C4 'P) will be observed, i.e. J(C4'P) « 10.9 Hz. It is noted in 
passing, that in the right-handed helix both β and ε are in the trans domain. 
This leads to comparable splittings of the C4' signal induced by the J(C4'P5) 
and J(C4'P3) coupling constants and it may be difficult to decide which is 
which. Deviations fom the ideal β* = 180° are indicated by the inequivalence of 
the values of J(H5'P) and J(H5"P). For the ß* form the values of the J(H5'P) 
and J(H5"P) coupling constants are rather small, i.e. й 2 Hz (see Fig. 2-14). 
When β adopts a g ( + ) or a g(-) conformation these coupling constants may 
increase to about 23 Hz. This will be manifest in ID- 1 Η spectra and in the 
cross peaks in, for instance, double quantum filtered COSY spectra if the H5' 
and H5" signals are well enough resolved. To be able to discriminate between 
the presence of /?-rotamers with g (+) or g(-) conformations, it is neccesary that 
stereospecific assignments of the H5' and H5" resonances are available. When 
β is not conformational^ pure and all three staggered conformers contribute to 
the observed J-couplings the percentage of the /?'-conformer can be estimated 
with the aid of Eqn. 2-22 [91]: 
ft = (25.5 - J{H5'P) - 7(Я5"Р))/20.5 (2.22) 
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Figure 2.14: J-coupling constants calculated for J(5'P) ала J(5"P) as a function 
of the torsion angle 0. The coupling constants were calculated by means of the 
Karplus equations given for lH-31P couplings. 
Information about β can also be obtained from the four-bond coupling constant 
J (H4 'P) . In case the atoms of the sequence P-05'-C5'-C4'-H4' lie in the same 
plane and form a W-shaped conformation, J(H4'P) couplings of about 3 Hz will 
be observed. This is the case if β is in the t- and 7 is in the g(+)-domain as 
is observed in regular B-type helices. In practice this information will only be 
available when the H4' resonances are well enough resolved from neighboring 
resonances. 
Conformat ion around C5'-C4' . 
The torsion angle 7 (05'-C5'-C4'-C3') may occur in the three staggered confor­
mations g ( + ) , g(-) and t, although the g(-) conformation is much less abundant. 
It has already been discussed that the stereo-specific assignment of the H5' and 
H5" resonances is intimately interwoven with the determination of 7 and, pro­
vided the backbone conformation is rigid, the determination of one leads to the 
other. T h a t is to say it follows which staggered conformation can be assigned to 
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7. To obtain more detailed values for this torsion angle the coupling constants 
J(4'5') and J(4 '5") must be accurately known. 
If for some reason the H5' and H5" cannot be stereospecifically assigned or if 
a rapid equilibrium exists between the three staggered conformations then the 
sum of the coupling constants Σ4 ' = J(4'5') + J(4'5") can be used to estimate 
the percentage of the population present in the g(+)-form with the help of the 
empirical relationship [12]: 
/ f ( + ) = (13.3 - Σ4')/9.7 (2.23) 
It follows from this equation that if Σ4 ' exceeds 12.5 Hz the dominant rotamer 
is either 7 ^ or 7 ' and if Σ4 ' is smaller than 4 Hz it is 7^+) (if the 7^"^ conforma­
tion is disregarded this can be deduced immediately from Fig. 211) . Precise 
determination of 7 from Σ4' in the 7'"*"^  domain is not feasible, however, be­
cause the variation of Σ4 ' as a function of 7 is too marginal in the region 40° 
< 7 < 60° [12]. In case one can take recourse to Remin and Shugar's rule the 
population of the different 7 rotamers can still be estimated from the measured 
J-couplings with the aid of the following equations [96]: 
j(4 '5 ') = / f ( + ) / ; ( + ) + / . j ; + /,(-)j; (_) (2.24) 
J(4'5") = f
aWJ'g\+) + fJi' + f3i-)J:u ( 2 · 2 5 ) 
ƒ,<+) + ƒ. + ƒ,<-) = ! (2-26) 
The ƒ, indicate the fractions of the different staggered rotamers; the primed J't 
represent the J(4'5') in the different staggered conformers, the double primed 
J" the J(4 '5") in these conformers. As followed from the discussion on the 
stereospecific assignment of the H5' and H5" resonances, Overhauser effects 
may aid in the determination of 7 as well. The d,(4';5'/5") and d,(3';5'/5") 
distances depend on this torsion angle as indicated in Fig. 2-10 and can thus 
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Ρ (deg) 
Figure 2.15: (A) Contours of d,(5'/5";6) and dt(3';5'/5") plotted as a function 
of the fraction 7 gauche(+) and the sugar pucker Ρ (and in case of dt(5,/S"\Q) 
for different values of the torsion angle χ). The average distances d,(5'/5";6) 
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Figure 2.15: continued, and d,(3';5'/5") are calculated as in Fig. 212 for a 
rapid interconversion between the rotamers 7 gauche(+) and 7 trans. The 7 
gauche(-) population is assumed zero as it is found in practice to be hardly 
populated. (B) Contours of d,(5'/5";6) plotted as a function of the fraction 7 
gauche(+) and the torsion angle χ, for Ρ = 10° and Ρ = 165°, assuming a rapid 
interconversion between the rotamers 7 gauche(+) and 7 trans. 
be used to establish 7. In addition, d,(6/8;5') and d,(6/8;5") should be consid­
ered. We first note that these distances do not strongly depend on the values 
of Ρ and χ, provided that the latter parameters adopt their standard values, 
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but are essentially determined by 7. For instance, as can be gleaned from Fig. 
2-15A and B, when 7 falls in the gauche(+)-domain d,(5";6) = 4.3Â for Ρ = 
10° and χ = 180° as well as for Ρ = 165° and χ = 240°. When 7 falls in the 
trans-domain d,(5";6) = 2.5Â for the same values of Ρ and χ. This serves as 
an example that d,(5';6/8) and d,(5";6/8) can be used to investigate 7 even if 
Ρ and χ are not exactly known. If an equilibrium exists between the staggered 
conformations of 7^+) and 7 1 (from here on we only consider the situation that 
the 7^ - )-conformation can be disregarded) average distances can be calculated 
for the aforementioned proton pairs. This is shown in Fig. 2-15, where contour 
lines are drawn for the average distances of d,(5'/5";6) and d,(3';5'/5") as a 
function of the fraction 7 ( + ) and Ρ or χ. A number of interesting conclusions 
can be drawn from Fig. 2 1 5 . If for standard values of Ρ and χ, (averaged) 
NOEs indicate that either d,(5';6) or d,(5";6) (averaged values) is shorter than 
3.0Â, this can only be the distance between H5" and H6. Thus, a stereospe-
cific assignment can then be made for the H5' and H5" resonances. A second 
issue that can be addressed concerns the derivation of the fraction of 7^+^ from 
observed NOE effects, given that these lead to ±0.2A uncertainties in the dis-
tance determination. We first notice that this is not possible from averaged 
d,(3' ;575"), since these distances are not sufficiently sensitive to changes in the 
7^-f rac t ion (Fig. 2-15A). A similar conclusion applies when only one of the 
distances d,(5';6) or d,(5";6) can be deduced. Only when d,(5";6) is large (4.1 
± 0.2À) the 7^-fract ion is confined to the 95 - 100% region. In all other situa-
tions the fraction of 7(+) cannot be established. On the other hand, when both 
averaged distances can be determined the situation is more favorable. This is 
best illustrated with an example. If we assume that d,(5';6) = 4.2 ± 0.2Â and 
d,(5";6) = 2.5 ± 0.2Â and superimpose the plots of the left and right hand 
side of Fig. 2-15B, we find that 7^+^ is present between 0 and 15% of the time 
for both Ρ = 10" and 165° and for χ values between 170° and 260°. A similar 
situation is found for the other extreme, i.e. distances can be found that con­
fine the 7^+) fraction close to 100%. Thus, even if it is not known whether 7 is 
involved in a 7 ( + ) <-> 7* equilibrium, it can be established from NOEs whether 
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7 is either in the gauche(+)- or the trans-domain, provided Ρ and χ fall in 
their standard domains. When the distances d,(5';6) and d,(5";6) do not match 
these conditions it is no longer possible to nail down the fraction of ^+\ For 
instance, if it is found that the average distances d,(5';6) = 3.9 ± 0.2A and 
d,(5";6) = 2.9 ± 0.2Â (assuming Ρ = 10° or 165" and χ is covering the region 
170° - 260°) a fraction of 7 ( + ) between 20 - 80% will be found to match these 
distances. Confining χ to the region 170° - 200° does not significantly improve 
matters. In summary, NOEs are of considerable importance to investigate 7. 
Under favorable conditions they suffice to establish the staggered conformation 
adopted by 7 (if the 7*"^-conformation can be disregarded). Sometimes, also 
the stereo-specific assignment of the H5' and H5" resonances can be obtained 
without invoking J-coupling information. We finally note that in case the frac­
tion 7 ( +) is available from J-coupling data (Eqns. 2-24-26) and the value of χ is 
known, the distances d,(5';6) and/or d,(5";6) constrain the value of Ρ consid­
erably. For example, for a fraction 7 ( + ) = 50%, χ = 240° and d,(5';6) = 4.0 ± 
0.2Â we find Ρ = 163 ± 12' or Ρ = 11 ± 8°. 
Conformation around C4 '-C3\ 
The torsion angle 6 (C5'-C4'-C3'-03') is determined by the pseudorotation 
parameters of the furanose ring. Once these have been established δ can be 
calculated with the aid of Eqn. 2 1 ; 6 varies from 82 to 89° for N-type sugars 
and from 137 to 157° for S-type sugars. 
Conformation around СЗ'-ОЗ'. 
The torsion angle ε (C4'-C3'-03'-P) can be monitored by three J-couplings, i.e. 
J(H3'P), J (C2 'P) and J(C4 'P) . The Karplus equations applicable to these het-
eronuclear couplings are presented in Table 2-3; the most recent parametrization 
is given (see Chapter 4). As for β and 7 one might consider the three staggered 
conformations g ( + ) , g(-) and t in the conformational analysis of ε. On sterical 
grounds the g (+) conformation can be disregarded (see Chapter 3). There are 
experimental as well as theoretical indications that the value of ε in a nucleotide 
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is correlated with the conformation of the sugar moiety. For N-type sugar con­
formations e tends to adopt a trans conformation in DNA as well as in RNA 
nucleotides; the ε ^ ^ , Ν combination is forbidden (see Chapter 3). For S-type 
sugars both ε*^-) and ε' conformers are found. Furthermore, NMR experiments 
have indicated that the values for ε',S and ε',Ν may differ from one another 
(e',S « 192° and ε',Ν « 212°). 
2.5 Structure determination of nucleic acids. 
An understanding of the three-dimensional folding in nucleic acids, of their 
sequence dependent structure and of the mechanism of interaction of double 
and single stranded nucleic acids with proteins and drug molecules requires an 
insight in the finer details of nucleic acid structure. Therefore attempts have 
been made to proceed a step further and use the information discussed in the 
previous section, extended with socalled holonomic constraints such as bond 
lengths and bond angles, to derive the total structure of nucleic acid molecules 
in detail. For the computation of the structure of biomolecules from NMR 
constraints different methods have been developed: (i) restrained molecular 
dynamics methods (rMD) [95-99] for which different programs are available 
(i.e. Quanta (force field Charmm), Xplor (forcefield Charmm), Biograph (sev­
eral force fields), Discover (force field Insight), Gromos (force field Gromos), 
AMBER (force field Amber)), (ii) distance space methods (DG) which use the 
embed algorithm [100]. Programs which use this algorithm are DISGEO and 
D-SPACE [100]. (iii) Variable target algorithms which work in torsion angle 
space; examples of programs which use this algorithm are DISMAN and DIANA 
[15,101-103]. It is also possible in special circumstances to apply grid search 
procedures to derive structures from NMR constraints. The advantage of this 
approach is that the sampling of the conformational space allowed by the NMR 
constraints can be well defined, that it is exhaustive and that it is transparant 
in the sense that it is clear to what extent the NMR constraints determine the 
structure. A disadvantage of the method is that it is very demanding in terms 
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of computer time in particular when the step size in the sampling procedure is 
small. In practice, this approach will therefore be restricted to a limited number 
of nucleotides. In this respect the aforementioned algorithms are much more 
powerful, but their sampling properties are less transparant [102] and in case 
of the rMD applications the force field could play an influential role in the final 
structure determination. For proteins, these methods have been extensively 
tested and are believed to yield reliable results. For nucleic acids the situa-
tion is somewhat less advanced, particularly, because most of the nucleic acid 
molecules studied by NMR did not have the globular structures found for pro-
teins. Thus, in double helices no long range distance constraints are available 
from NMR, making the definition of the overall structure difficult. Moreover, 
the questions asked about nucleic acids are concerned with the finer details of 
the structure putt ing higher demands on the performance of these algorithms. 
2.5.1 Restra ined Molecular Dynamics . 
The approach used by different investigators [80-85, 95-98] to determine nu-
cleic acid structures from NMR constraints by means of rMD are quite similar. 
To the force field used in the rMD program the NMR constraints are added 
as pseudo-potentials which are composed of NOE constraints, EJVOB, and tor-
sion angle constraints, E(()r. The force fields used in different rMD programs 
may differ somewhat depending on the MD program used and whether or not 
counter ions and water molecules are introduced into the calculations. The 
NMR distance constraints have the form of a pseudo-square-well potential: 
ENOE " = k N O £ (r„ - r i ; -»· ')» if r„ > г
ч
 - и · " 
= 0 if г,, ,ow" < T,} < r,j Ufrer 
Ь (- - lower\2 \f _ ¿'T- l<""er 
— X-NOE i r i j - r i j J " r i j < r i j 
where r,; is the calculated distance, r i ; "pr"r and r,; l°wcr are the upper and the 
lower limits of the experimental constraints, and kNOE is the NOE constraint 
force constant. Provided kjvoE 1S large enough, this ensures that the calcu-
lated distances lie within the specified error limits. In practice IL^OE may vary 
between 10 and 200 kcal/mole-A2. The torsion angle constraint E t o r is also 
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represented by a pseudo-square-well potential: 
E t e r '' = ktor (фі - ф{ w ) 2 if ф{ > φ, -»"• 
= 0 if φ, ,ow'r < фі < φ, u p p e r 
= k,
or
 (фі - φ, ' — ' ) 2 if φ< < ф{ ' » · ' 
where ^, u p p e r and φ, 'ower are the upper and lower limits of the torsion angle con­
straint i, фі is the calculated value and k ( o r is the torsion angle constraint force 
constant. In practice, the value of k,
or
 may be chosen around 50 kcal/mole-rad2. 
The protocol used for the structure determination of nucleic acids by means of 
rMD differs somewhat among different investigators, but common features can 
be recognized: 
• At the start of the calculations the NMR constraints are kept at low values 
and during the first 10 ps of the rMD run they are gradually increased to 
their final values. The values used among different authors for the final 
constraint force constants may vary (from 25 to 200 kcal/mole-A2). Also 
the temperature at which the influence of the constraint force constants 
is introduced may differ. Some groups increase the values of the NMR 
constraints when the 'sample' has been brought to higher temperatures 
(e.g. 400 K), while others raise the temperature (e.g. to 600 K) after the 
final values of the NMR constraints have been introduced. 
• After equilibration at the high temperature the 'sample' is cooled down 
to 300 K, often slowly (4 ps), to avoid trapping in local minima, and 
restrained MD is continued, during 10 to 20 ps, with the maximum con­
straint force constants. The coordinates of the structures generated during 
the last 5 or 6 ps are averaged to yield the final rMD structures, which 
sometimes are subjected to a further round of energy minimization. 
2.5.2 T h e E m b e d Algorithm. 
The embed algorithm, which was originally designated distance geometry al­
gorithm (DG) [100], starts from a distance bounds matrix in which upper and 
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lower bounds of the holonomic distance constraints are introduced together 
with the NMR distance constraints. The matrix is subsequently smoothed by 
the application of triangle inequalities. In the process, different distance matri-
ces are generated by choosing random distances between the lower and upper 
bounds for each matrix element. Each of these matrices are then embedded 
in three-dimensional space to yield starting structures which will generally not 
satisfy the distance constraints any more. These structures are therefore re-
fined (by conjugate gradient methods) to match these constraints. Experience 
gained sofar shows that a family of structures is obtained with fairly small 
root mean square deviations. In the earlier studies performed in this way the 
input parameters were in essence derived by the isolated spin pair approxima-
tion. Recent investigations have shown, however, that it is necessary to carry 
out back calculations of the NOESY spectra to match the structures to these 
spectra [103-105]. In the process, the simulated and experimental spectra are 
compared and if necessary the distances are adjusted so as to give better agree-
ment with the experimental results. These new constraints are again introduced 
in the embed algorithm to generate a new set of structures from which again 
NOESY spectra are simulated and compared with the experimental results and 
so on until a good agreement between experimental and simulated NOEs is 
obtained. In the process of the DG calculations a simulated annealing step is 
introduced to improve the sampling of the allowed conformational space. Some-
times the last step in the iterative back calculations is followed by restrained 
molecular dynamics calculations, which are performed to search for additional 
energy minima [103-105]. 
Comparison of the different procedures used by different investigators shows 
that there is a great similarity in their approaches. Some authors make use 
of NMR distance constraints (determined for example by a method such as 
MARDIGRAS [82] or N02DI [87]) and subject these constraints afterwards 
to rMD to obtain a nucleic acid structure [83,84], while others combine the 
derivation of the distance constraints with rMD [80,81,85] or DG calculations 
[103-105] in an iterative manner. This approach yields at the same time distance 
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constraints and structures satisfying these distance constraints; examples are 
the IRMA procedure [80,81] and the DG calculations described above [103-
105]. To our knowledge the variable target algorithm has sofar not been used 
in nucleic acid structure determination. In Chapters 6, 8 and 9 examples will 
be given of structure determinations of DNA hairpins, making use of such a 
variable target algorithm. More details about the program, which is called 
DIANA [102,103] will be given there. 
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Appendix 2 1 
Table 2·5: Summary of NMR experiments. 
Name Application Comment Pulse 
seq. 
Proton-proton J-correlation techniques. 
COSY normal 
COSY with delay 
DQF-COSY 
/5-COSY 
E.COSY 
P.E.COSY 
u>!-COSY 
TOCSY 
(HOHAHA) 
homonuclear shift correlation 
of spin systems 
detection of small J-couplings 
identification of spin systems, 
determination of J-couplings 
relative sign of J 
accurate measurement of J 
id. 
determination of J 
in-phase multiplets 
fast routine technique 
no pure phase 
pure phase low intensity 
diagonal 
alternatives 
high resolution, good suppres­
sion of diagonal signals 
simpler method 
enhanced resolution of J-
couplings in ωι -direction 
transfer across total J-coupled 
spin network possible; cross 
peaks appear also for large 
molecules 
Proton-proton correlation through NOE and/or exchange 
NOESY 
MINSY 
ROESY 
distance information or ex­
change rates 
NOESY with suppression of 
spin diffusion pathways 
separation of chemical and 
NOE information in medium 
sized molecules 
besides COSY most impor­
tant technique 
suppression 
necessary 
of J-peaks 
Heteronuclear 2D-NMR techniques 
H,X-COSY 
X,H-COSY 
heteronuclear shift correlation 
heteronuclear shift correlation 
via detection of proton 
phase sensitive 
very sensitive technique 
PI 
P2 
P3 
P4 
P5 
P5 
P6 
P7 
P8 
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Solvent suppression techniques 
Presaturation 
И _ 
1331 
DANTE 
DSA 
read pulse 
read pulse 
read or excitation pulse 
digital shift accumulation, sol­
vent suppression, used in ad­
dition to other techniques 
most commonly used 
simplest form 
slightly better suppression 
strong baseline artefacts 
P9 
PIO 
P i l 
T l and T2 measurements 
Inversion Recovery 
CPMG 
Τ1 - measurement 
T2-measurement 
P12 
P13 
3D-NMR experiments 
TOCSY-NOESY 
NOESY-NOESY 
additional separation of pro­
ton resonances with respect to 
2D 
additional separation of 
resonances 
provides both J-coupling P14 
and NOE information in one 
experiment 
provides additional informa- P15 
tion on spin diffusion 
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Figure 2.16: Pulse sequences of the most relevant NMR experiments used in 
nucleic acid research. 
(PI) Phase-sensitive COSY. 
(P2) DQFCOSY. In ß-COSY the first ' Я pulse is a 45" pulse instead of a 90* 
pulse. 
(P3) Ui-scaled DQFCOSY. The delays ¿i and δ2 are chosen as follows: ¿χ = 
(k/2)tl and δ2 = (l-k/2)ti. Consequently, chemical shifts evolve according to 
the scaled down evolution time (l-k)tlt whereas the J-couplings still evolve ac­
cording to ti. 
(P4) TOCSY (HOHAHA). The MLEV17 sequence is generally preceded and 
followed by a 2 ms trim pulse. In this experiment ROESY type cross peaks 
may be generated, which in one particular version, CLEAN-TOCSY, can be 
suppressed by inserting delays between the hard pulses in the MLEV sequence. 
This is of particular importance for larger molecules (ит
с
 » 1 ) . Instead of the 
MLEV17 sequence also WALTZ or DIPSI sequences can be used. 
(P5) NOESY. In the MINSY experiment the same pulse sequence and phase 
cycling is used as in the NOESY experiment with the exception that certain 
proton resonances are kept saturated during the whole pulse sequence, except 
during acquisition. 
(P6) ROESY. For the spin-lock field generally a continuous field (CW) of low 
power, corresponding typically to 2500 Hz, is used, while the other pulses are 
generally of high power (typically 25 kHz). The two high power 90° pulses pre­
ceding and following the spin-lock CW pulse are introduced to remove artifacts 
generated by J-couplings. 
(P7) XHCORR. The proton chemical shift evolution takes place during ti and 
subsequently 1H coherence is transferred to 13C via a DEPT ¡ike sequence, after 
which detection takes place of the heteronucleus. Spectral editing is possible 
by adjusting the pulse length of the last proton pulse, i.e. a 90° pulse gener-
ates only CH correlation, a 180" pulse mainly CH3 correlations and a 45° pulse 
mainly CH2 correlations. The delay periods, Α, 2Δ, are sei to 1/2JCH- Proton 
decoupling is applied during acquisition. 
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Figure 2.16: continued. (P8) HMQC. Inverse detection scheme. For other ver­
sions of the inverse experiment we refer to the literature [57,60]. GARP or 
WALTZ decoupling of the heteronucleus may take place during acquisition. 
(P9), (РЮ), (PU) Solvent suppression via selective excitation. 
(P9) 11 pulse sequence. The null in the excitation profile lies at the transmitter 
frequency and the maximum at 1/(4A) from the transmitter frequency. This 
sequence can replace the last pulse in, e.g. NOESY or COSY. 
(PIO) 1331 pulse sequence. The null in the excitation profile at the transmitter 
is slightly broader than the one in case of a 11 pulse. 
(PU) DANTE pulse sequence. 
(P12) Inversion recovery (Tl measurements). A series of measurements is done 
with different delays, A, to obtain a recovery curve, from which Tl can be 
calculated. 
(P13) Pulse sequence for T2 measurement. A series of measurements is done 
with different delays, Δ, to obtain a decay curve, from which T2 can be calcu­
lated. 
(PU) TOCSY-NOESY. 
(P15) NOESY-NOESY. 
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Chapter О 
Correlations between torsion angles in nucleic 
acids: Allowed and disallowed conformations. 
Abstract. 
The conformational space, available to single stranded oligonucleotides has been 
examined by calculating distances between atoms for several combinations of 
two variable torsion angles. From the resulting data, distance contour maps 
have been created for 15 possible torsion angle pairs in a nucleotide unit. If the 
distance between two atoms is shorter than the sum of the van der Waals radii, 
steric hindrance will take place and the occurence of the corresponding torsion 
angle pair is forbidden. The distance contour plots are in good agreement 
with the experimental distribution of oligonucleotide data, although several 
sterically allowed torsion angle values have never been found experimentally. 
Thus, although eliminating impossible conformations, the relative stability is 
not revealed. The effect of second and higher order interactions have been 
investigated systematically; higher order interactions have revealed the most 
interesting facts. The main conclusions resulting from calculations involving 
up to second order interactions are 1) the /3,-7, correlation, which shows that β 
occurring in the gauche(+) or gauche(-) domain is only possible if у adopts a 
trans value, 2) the Ρ,-ε, correlation, which shows that ε gauche(+) values are 
always forbidden on sterical grounds, 3) the ε,-Ç, correlation, indicating that 
the domain, allowed for ε is very small, and 4) the Ρ,-χ, correlation, which 
clarifies why a syn-anti equilibrium is allowed for purines, but is disallowed for 
Margret M W Mooren, Michiel С M Gribnau, Sybren S Wijmenga and Cornells W. 
Hilbers, manuscript jn preparation. 
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pyrimidine bases. Higher order correlation plots give surprizing results. Most 
remarkable are the data given in the 7,-[Ρ,]-χ, correlation plots and the [7,]-
Ρ,-ε,-[£] plots. The 7,-[Ρ,]-χ, correlation shows that for pyrimidines, attached 
to a СЗ'-endo puckered sugar ring (a ribose or a deoxyribose ring) the torsion 
angle χ is not allowed to adopt a syn value, independent of the value adopted 
by 7, while for a purine attached to a СЗ'-endo sugar ring or for a base (purine 
or pyrimidine) attached to a C2'-endo sugar χ may adopt syn values only for 
special 7 values. The fourth order interaction [7i]-P,-£|-[C·] explains why ε may 
only adopt a trans value when the sugar is СЗ'-endo puckered but trans as well 
as gauche(-) values when the sugar is C2'-endo puckered. 
3.1 Introduction 
Structural studies of RNA and DNA by means of modeling, NMR or X-ray 
are severly complicated by the large conformational flexibility of the nucleic 
acid backbone. The conformation of a dinucleotide backbone for example is 
determined by at least seven torsion angles and in theory a single dinucleotide 
thus has the potential to adopt billions of conformations. This makes it diffi­
cult to obtain a good understanding of the factors that determine nucleic acid 
structures, be it in single stranded forms, occuring for example in hairpins or 
in the active site of RNA hammerheads or in double or triple stranded he­
lices. In addition, for methods which yield structural data of limited accuracy, 
e.g. NMR, the real danger exists that due to this large conformational flexibil­
ity potentially feasible structures are overlooked when deriving structures from 
these data using for example restrained molecular dynamics or variable targent 
function procedures. 
For proteins the conformational space per residue is much more restricted since 
essentially only two independent torsion angles, φ and φ, per amino acid residue 
determine the folding of the backbone. In considerations of protein conforma­
tional space, the famous Ramachandran plot [1] has played an important role; 
this plot is a two-dimensional φ-ψ maps showing, in its most simple form, the 
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sterically allowed and disallowed regions of the conformational space of the 
amino acid backbone. For all amino acid residues with a Cß atom the allowed 
conformational space turns out to be essentially restricted to three relatively 
small regions. An important application of these maps is, for example, the 
validation of NMR derived structures and the possibility to assess whether con-
formational space has sufficiently been sampled. For nucleic acids similar maps 
would be of equally great value to aid in NMR structure determination, but 
also to gain a better understanding of the factors that determine nucleic acid 
structures. Such maps have not been derived in a systematic manner because of 
the huge number of potentially feasible structures involved. Nevertheless, over 
the years a vast body of literature has accumulated on the subject (e.g. [2-8]) 
which has been thoroughly reviewed in the book of Saenger [9]. From these 
studies considerable insight into the factors determining nucleic acid structures 
has been obtained, although still quite a number of experimental findings re-
main ill understood. 
Analysis of a large number of X-ray structures of single stranded nucleotides 
as well as of various helical structures has shown that the torsion angles of 
the sugar phosphate backbone, sugar ring and glycosidic bond are strongly 
restricted, and that correlations exist between the various torsion angles [2,4,9]. 
A large number of modeling studies exist in which it was at tempted to explain 
these results, considering steric hindrance alone or using more complex poten-
tial energy functions to calculate the conformational energies, including charge 
effects and the gauche effect [4,9]. For a good understanding of the results it 
is important to distinguish between first order effects which concern interac-
tions between atoms three bonds apart (i.e. involving a single torsion angle) 
and higher order interactions. Computation of first order effects forms an im-
portant prelude to a consideration of higher order effects, since the narrower 
the range of allowed torsion angles obtained from first order computations the 
smaller the number of possible conformations that has to be considered when 
higher order effects are incorporated. For first order interactions, one has to 
resort to energy calculations instead of considering only steric effects because 
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for first order interactions van der Waals radii are not well established and other 
effects (e.g. the gauche effect) play an important role in restricting the allowed 
torsion angle ranges. 
For the study of higher order interactions one can reliably establish allowed 
and disallowed regions considering steric effects only because for this type of 
interactions van der Waals radii are well established. 
As an example we mention the recent study by Erie et al. [10]. The authors 
used potential energy functions to derive the conformational energy profiles for 
first order effects. Then allowed torsion angle ranges were chosen from these 
energy profiles using a 5 kcal/mole cutoff. Subsequently, a single stranded 
nucleotide chain was built composed of up to four nucleotides for which different 
conformations were generated via a Monte Carlo method, using the torsion 
angle regions allowed on the basis of the first order interactions. This approach 
should have excellent sampling properties and in principle provide all possible 
combinations. However, as a consequence of the low cutoff value used for the 
first order potential energy one may fail to consider all potentially feasible 
structures. In particular, for the derivation of NMR structures one wants to 
make sure that all potentially feasible conformations can be considered. 
In this chapter we follow a different approach and perform a systematic anal-
ysis of the allowed and disallowed regions of nucleic acid conformational space 
as seen via the torsion angles. The results are presented in the form of Ra-
machandran plots. We limit ourselves to a consideration of second and higher 
order steric contacts and did not include first order energy calculations. In 
this way the aforementioned effects of restricted sampling due to energy cutoff 
are avoided. A similar approach has been used by Olson and Flory [3] but 
this study was much more limited than the one presented here. Moreover, by 
the choice of their parameter set, including van der Waals radii for first order 
interactions, the excluded torsion angle regions are overly restricted and as a 
result experimentally observed torsion angles are frequently found in forbidden 
regions. 
In the present study all second order interactions are systematically examined 
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and in addition several combinations of two non-successive torsion angles are 
investigated. It turns out that in some cases these higher order interactions 
are determinant as to the fully allowed nucleic acid conformational space. The 
results presented in this chapter are compared with previously published cor­
relations as well as with experimental data of DNA and RNA structures deter­
mined by X-ray diffraction or NMR spectroscopy. The present results explain 
many observations that could not be incorporated into a theoretical framework 
before. 
3.2 Methods. 
3.2.1 N o m e n c l a t u r e . 
Torsion angles. 
The designation of the torsion angles and the numbering of the atoms in the 
different parts of a nucleotide unit are given in Figs. 3 1 A and B, in accord 
with the IUPAC/IUB guidelines [11]. 
In a monomer unit i of a polynucleotide six exocyclic torsion angles can be dis­
cerned: а, (ОЗ'.-х-Р.-Об'.-Сб',), /3, (P1-05',-C5',-C4' t), 7 t (05'1-C5',-C4'1-C3',), 
6, (C5',-C4',-C3',-03\), ε, (C4',-C3',-03 ,,-P> + 1), С, (СЗ'.-ОЗ'.-Р.+^Об'.+г). The 
conformation of a nucleotide is further determined by the glycosidic torsion an­
gle χ, (О С Г . - Ш . - С ^ for a purine and 04',-Cl',-Nl,-C2 1 for a pyrimidine 
base) and by the conformation of the sugar moiety. The latter is usually char­
acterized by the phase angle of pseudorotation, Ρ, and the puckering amplitude 
ф
т
. The relation between these parameters and S is given by [12] 
6 = 120.6 + 1.13¿mcos(P + 145.2) (3.1) 
which is plotted in Fig. 3-2 for three different values of ф
т
. 
Given Ρ and ф
т
, all torsion angles in the ribose- or deoxyribose sugar ring can 
be calculated. In the calculations presented in this paper ф
т
=35" was used. 
The torsion angle ranges will be classified by the designations gauche(+) (or 
g(+)) , trans (or t) and gauche(-) (or g(-)) for the torsion angle ranges centered 
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Figure 3.1: A: Atomic numbering and definition of torsion angles for a nu­
cleotide chain. 
B: Chemical structures and nomenclature of the ribose and deoxyribose sugars 
and the most common bases. 
around 60°, 180° and 300°, respectively. In the discussion the sugar pucker 
conformation will oftentimes be described by C2'-endo (S-type) or C3'-endo 
(N-type) [13] and for the base orientation the description anti (χ around 180") 
and syn (χ around 0°) will be used. 
torsion angle delta 
120 1S0 180 210 240 270 300 330 360 
pucker 
pht(max)=30 — phl(max)=35 phl(max)=40 
Figure 3.2: Correlation of the pseudo rotation phase angle, P, with torsion angle 
6, plotted for different values of the puckerings amplitude ф
т
. 
86 Chapter 3 
3.2.2 Order of steric contacts. 
The interatomic steric contacts which determine the conformational space that 
is allowed for a pair of torsion angles are defined in Fig. 3-3. Different orders 
of steric interactions are distinguished. 
Second order steric interactions are induced by the rotation of two adjacent 
torsion angles, between atoms indicated in black on the left and right hand side 
of the two rotatable bonds as indicated in Fig. 3-3A. 
In a similar vein, third order interactions are induced, by the rotation of three 
successive torsion angles, between atoms indicated in black left and right of the 
rotatable bonds as indicated in Fig. 3-3B. Since in this paper the conformational 
space of only pairs of torsion angles is considered of the three rotatable bonds 
only two are varied and the third is kept in a fixed orientation. Thus, to 
examine the influence of third order steric interaction three combinations are 
analyzed. If we consider as an example the torsion angles α, β and 7 then 
the following pairs have to be considered: α-β with 7 fixed, a-7 with β fixed 
and /З-7 with α fixed. These combinations are respresented as a-/9-[7], a-
[ß]-f and [a]-/?-7, respectively, where the angle within brackets is kept fixed. 
Examples of these situations are presented in Figs. 3·3Β and D. Examples of 
higher order steric interactions namely 0-(0+l)-[(0+2)]-[(0+3)] and 0-[(0+l)]-
(0+2)-[(0+3)] are schematized in Figs. 3-3C and E. 
In the analysis of the influence of the glycosidic torsion angle χ we do not 
strictly adhere to a division of the orders of steric interactions as defined above. 
The pyrimidine or purine base is considered to be rigid with fixed bond angles 
and torsion angles. In the calculations the number of fixed torsion angles in 
the ring(s) of the base is not counted as giving rise to additional higher order 
steric contacts. All atoms (except C2/C6 in pyrimidines and C4/C8 in purines 
in the situation where they give rise to first order interactions and are therefore 
excluded) are involved in second order interactions. 
Steric contacts are oftentimes referred to as 1-5 contacts, 1-6 contacts etc. 
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Figure 3.3: Schematic representation of a flexible chain denning the different 
orders of steric contacts generated by different combinations of torsion angles. 
In the scheme the positions of a variable torsion angle, Θ, in the nucleotide 
chain is indicated by an arrow, a fixed torsion angle is indicated with an 'F'. 
The filled circles represent atoms which are involved in steric interactions when 
the values of the variable torsion angles are changed. The nomenclature and 
notation is as described in the text. 
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Figure 3.3: continued. A: Representation of second order steric contacts Θ-
(Θ+1). 
B: Representation of third order steric contacts θ-(θ+1)-[(θ+2)]. 
С: Representation of fourth order steric contacts θ-(θ+1)-[(θ+2)]-[(θ+3)]. 
D: Representation of third order steric contacts θ-[(θ+1)]-(θ+2). 
С: Representation of fourth order steric contacts θ-[(θ+1)]-(θ+2)-[(θ+3)]. 
The definition derives from the numbering of the atoms as indicated in Fig. 
3-3A. The black atoms at the left, numbered one, interact with the the black 
atoms on the right, numbered 5 (in situations where ring systems are involved 
one cannot strictly adhere to this definition,vide supra). The defintion for 1-6 
interactions etc. is analogous. 
3.2.3 Generat ion of plots. 
To investigate the occurrence of allowed and disallowed regions in nucleic acid 
conformational space torsion angle-torsion angle distance contour maps were 
calculated. For each atom pair possibly involved in steric interaction, within 
the framework of a particular order of interaction, a separate contour map has to 
be calculated. Steric interactions occur when distances between the atoms (the 
black atoms in Fig. 3-3 on the left and right hand side of the involved torsion 
angles) become shorter than the choosen, permitted van der Waals contact 
distances. Two such sets of contact distances have been introduced, termed the 
'normally allowed' and 'outer limit' sets [1]. These distances were derived from 
crytallographic structure determinations. The van der Waals contact distances 
in the set of 'outer limits' are 0.1-0.2À shorter than in the 'normally allowed' 
set, i.e. the atoms can approach each other more closely in the set of 'outer 
limits' . For the present calculations the more forgiving set of 'outer limits' 
(Table 3 1 ) was chosen. 
The distance calculations were performed on an Atari 1040 ST personal com-
puter with a program written in Fortran-77. Depending on the order of the 
steric interactions and the pairs of torsion angles considered, this program 
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atom pair 
C-C 
C O 
C-N 
C-P 
C-H 
0-0 
ON 
O P 
OH 
N-N 
N-P 
N-H 
P-P 
P-H 
H-H 
outer limit (Â) 
3.0 
2.7 
2.8 
3.2 
2.2 
2.7 
2.6 
3.0 
2.2 
2.6 
3.0 
2.2 
3.3 
2.5 
1.9 
Table 3.1: Distances of closest approach for relevant atom pairs. Data are from 
reí. [14] except the atom pairs including a phosphorous atom, which are derived 
from the data given in [15] by subtracting 0.2A to get an outer limit 
starts with the construction of an (oligo)nucleotide of one or two DNA or RNA 
residues with fixed torsion angles. If necessary a chain of maximally twenty 
residues can be treated. Subsequently, the influence of the rotation of a pair of 
torsion angles is examined; afterwards this procedure is repeated for the other 
pairs of torsion angles in the chain. The two torsion angles are varied between 
0° and 360° in steps of 18°. Bond lengths and bond angles are kept fixed at val-
ues provided in reference [9]. In most calculations it was sufficient to consider 
mono- or dinucleotides with cytosine bases. In those cases where the glycosidic 
torsion angle χ was involved, molecules with adenine bases were examined as 
well. Through this approach the influence of pyrimidine and purine bases could 
be covered. 
As an example the conformational space allowed for the angles a, and /3, is 
presented in Fig. 3-4A for the situation where only one second order contact 
0A.-C4', is taken into account (for atom numbering see Fig. 3-1). The contours 
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α, (deg) α | (deg) 
Figure 3.4: Α: α,-β, distance correlation plot for the atom pair 0A,-C4\. The 
variable torsion angle a, is given along the horizontal axis, β, along the vertical 
axis. Points in the map at which the distance from О A, to C4\ is constant, are 
connected. The shaded area is sterically forbidden, because in that zone the 
contact distance becomes less than the sum of the van der WaaJs radii. 
B: Overlay of the forbidden regions in the at,-β, correlation maps, originating 
from the involved atom pairs (see Table 3-2). The disallowed areas resulting 
from different atom pairs are shaded with different patterns. 
in this map are represent lines between calculated points for which the distance 
from OA, to C4', is constant. The shaded area in Fig. 3-4A indicates for which 
combinations of a, and β, the distance between the oxygen and the carbon 
atom becomes less than the allowed 2.7Â (Table 3 1 ) and thus are not allowed 
sterically. The same type of contour plots has to be made for the remaining atom 
pairs involved in this α,-β, correlation. An overlay of the prohibited zones results 
in the m a p presented in Fig. 3-4B. The disallowed regions originating from steric 
interactions of six of the nine possible atom pairs are shaded with different 
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patterns. The three remaining atom pairs do not cause steric hindrance. 
3.3 Results and Discussion. 
3.3.1 General Remarks . 
The description of the allowed conformational space of the smallest units of 
the sugar phosphate backbone of nucleic acids, the mono- and dinucleotide, is a 
multi-dimensional problem. Here we consider to what extent the conformational 
space of mono- and dinucleotides is constrained by the influence of van der 
Waals steric contacts. Only the effects of second and higher order steric contacts 
are considered and are represented via two-dimensional torsion angle-torsion 
angle distance contour plots (see previous section). These allow the reader to 
directly examine whether a combination of torsion angles is allowed or not. In 
Table 3-2 the possible combinations of fixed and rotatable torsion angle pairs 
up to fourth order contacts are given. Only the most relevant combinations are 
included in the calculations, i.e. the seven possible second order interactions and 
the eight possible third order interactions of the type Ö-[(0+l)]-(0+2). These are 
marked in Table 3-2 by an asterix (*). The effect of third order interactions on 
the allowed conformational space of two successive torsion angles, i.e. 0-(0+l)-
[(0+2)] and [0]-(#+1)-(ο+2) are considered as an extension of the influence of 
the aforementioned second order interactions. They are marked by a double 
asterix (**) as are some additional fourth order interactions (see Table 3-2). 
In the following sections first the results are described obtained for the combina­
tions of pairs of successive torsion angles. Secondly, the influence of third order 
interactions of the type 0-[(0+l)]-(0+2) is discussed. If at a given stage in the 
evaluation experimental data deem it necessary the calculations are extended 
to included higher order steric interactions marked by (**) in Table 3-2. All 
atom pairs which are candidates for second order interactions are given in Table 
3-3; atom pairs which are candidates for the described higher order interactions 
are presented in Table 3-4. In these tables the atom pairs which effectively give 
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rise to steric hindrance are indicated in bold. 
Conformational space of combinations of two successive torsion an­
gles. 
3.3.2 α,-β, 
The atom pairs involved in the at-ß correlation are given in Table 3·3. In this 
Table the atom pairs giving rise to steric hindrance are indicated in bold. The 
α-β contour plot (see Fig. 3-5A; all contour plots are given at the end of this 
Chapter) clearly shows that when only second order interactions are taken into 
account, the situation in which a as well as β is in an eclipsed conformation is 
forbidden, although the domain disallowed for β is larger than for a. Torsion 
angle β in a trans conformation, which is commonly found for A- and B-DNA 
and A-RNA type helices, is allowed in combination with all possible values 
adopted by torsion angle a. 
To evaluate the presence of sterical interactions between atoms separated from 
each other by more bonds, third order a-/?-[7] interactions were also incorpo­
rated, (see Table 3-4 for the involved atom pairs). From Fig. 3-5B it may 
be clear that if 7 adopts a gauche(+) value of 60°, torsion angle β is disal­
lowed in the gauche(+)- and gauche(-) region. The smallest value possible for 
torsion angle β is s¿ 75°, but only for particular values of α (see Fig. 3-5B). 
The maximum value for β vary from 285° to 300°, again only for particular 
values of a. Changing the fixed value of 7 from 60° to 180° hardly alters the 
gauche(-) region disallowed for β (see Fig. 3-5C). On the other hand, β may 
now adopt a gauche(+) value around 60°. If torsion angle β is indeed about 60°, 
and 7=180° then a may only adopt one of the three staggered conformations, 
α «60°, α ¡=з180° or α «300°, otherwise steric hindrance will occur again. The 
7 gauche(-) region was not considered, because this conformation has rarely 
been found experimentally. 
In the nucleic acid structures elucidated sofar, β is overwhelmingly found in the 
trans domain. In more involved structures, e.g. in tRNA™' and і К К А д ' р , a few 
β torsion angles reside in the gauche(+) domain [16,17]. For these examples the 
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neighbouring torsion angle α adopts one of the allowed staggered conformations, 
i.e. α is in the gauche(+), trans as well as the gauche(-) domain, despite the 
possibility that according to Fig. 3-5 α can adopt values in the complete domain 
between 0 and 360°. 
Similar observations were made for two small hairpins [18,19]. In the hairpin 
form of d(m 5 C(l)G(2)m 5 C(3)-G(4)T(5)-G(6)m 5 C(7)G(8)) [18] the loop consists 
of two residues, G(4) and T(5), which bridge the minor groove. The sharp turn 
in the backbone is caused by the unusual G(6) β gauche(+) (58°) and 7 trans 
(172°) combination so as to align the m 5C(3) and G(6) bases to form a Watson-
Crick type base pair. The torsion angle α remains in the gauche(-) domain, 
as normally found for B-DNA like structures. Thus, in agreement with Figs. 
3-5A-C, torsion angle 7 in this mini hairpin changes from gauche(+) to trans be­
cause /3 becomes less than about 75°. In a different hairpin, (dC(l)dG(2)"C(3)-
T(4)dA(5)-dG(6)dC(7)dG(8)) ( aC=arabino-furanosyl cytidine) the stem is also 
bridged by two nucleotides. The NMR experiments indicated that β of residue 
G(6) was strongly biased towards the gauche(+) domain [19]. Model building 
resulted in /3=77°, and as expected, a rotation to a 7 trans state was observed 
this time along with a change of α to a trans state. At the 5' side of this 
hairpin loop a β gauche(-) torsion angle has been predicted on basis of model 
building studies and structure refinement for residue °C(3) (/3=276°), with a 
concomitant change from 7 gauche(+) to trans (7=191°) and from a gauche(-) 
to α gauche(+) (a=91°) . From Fig. 3-5C it may be derived that with this /З-7 
combination torsion angle α is strongly restricted to a few narrow domains. It 
is exactly one of these sterically allowed values that is adopted by torsion angle 
a. 
3.3.3 /3,-7, 
The plots generated for this angle pair are supplementary to those obtained for 
the a,-/3,-[7,] correlation. Fig. 3-6A shows that for 7=180°, β may vary from 
20° to 285°. From Fig. 3-5C it can be derived, however, that a, for most of 
its values, will restrict the allowed region for β to a narrower region. In fact 
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for the staggered conformations of α, β is excluded from the gauche(-) region. 
This is brought about by the steric hindrance between, on one hand the atoms 
0 3 ' , OA and OB and, on the other hand, the oxygen atom in the (deoxy)ribose 
ring, 0 4 ' . The distances between these atoms depend on rotation about a . 
Consideration of the third order interactions ß-j-[P=9] or /?-7-[P=165] results 
in a picture (Figs. 3-6B-C) similar to the distance contour plot made on the 
basis of the second order β-η interaction alone, in other words the disallowed 
regions remain vitually the same and these third order interactions do not 
contribute to the ß-y correlation. 
Comparison of the present calculations with the ß-qf energy contour plot of 
Pearlman and Kim [8] reveals that the results are qualitatively similar. Because 
in the energy calculations more energy terms are incorporated than just the 
(second order) steric hindrance, the allowed regions in the energy contour plots 
are somewhat more constrained. Moreover, in these plots energy minima are 
discernible, explaining among other things the overwhelming abundance of β 
in the trans domain. According to the energy calculations 7 may occur in all 
three staggered conformations, but for the gauche(-) domain the minimum is 
much higher in energy than for the gauche(+) or the trans domain consistent 
with the lack of experimental data in the former region. The aforementioned 
conformations for which, in tRNA, β is in the gauche(-) or gauche(+) domain 
[20,21] are not allowed by the energy maps but are in the present conformational 
mapping. 
3.3.4 7¿-P, 
Second order steric hindrance induced by varying 7 and Ρ is almost non­
existent; only for the cis state of 7 some disallowed regions are generated by 
steric hindrance between 0 5 ' and H3' (Fig. 3-7A). This region is somewhat 
enlarged for ribonucleotides with an S-puckered sugar (Fig. 3-7B) induced by 
steric hindrance between the 05'-atom and the 2'-hydroxyl group. Nothing 
more could be said about this parameter pair were it not for some interesting 
observations in the crystal structures of t R N A P h e and tRNA>**p. 
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The normally adopted conformation for torsion angle 7 is the gauche(+). Jack 
et al. have shown, on the basis of X-ray data that in tRNA in addition to a 
number of residues in which the conformation around 7 was trans, a few nu­
cleotides adopt a gauche(-) orientation [20,22]. In these nucleotides, the ribose 
ring had the C2'-endo pucker. As can be seen in Fig. 3-7C, in a nucleotide in 
which the ribose ring is СЗ'-endo puckered and in which 7=-60°, the distance 
between 0 3 ' and 0 5 ' is only 3.05A. It is suggested [22] that at this distance 
unfavourable electrostatic interactions exist. By changing the ring pucker to 
C2'-endo, this interaction is relieved by an increase of the 05'( i)-03'( i) dis­
tance to about 4A. The mentioned authors inspected seven nucleoside crystal 
structures with the much rarer gauche(-) conformation and they found that in 
all seven the ribose ring had either the C2'-endo or the closely related Cl'-exo 
conformation, completely in agreement with their results obtained for tRNA™' 
and their physical explanation for the occurrence of 7 gauche(-) conformations. 
Westhof et al. [16] found two examples in tRNA'4 '1 ', namely D19 and C3, for 
which 7 adopted a gauche(-) conformation. For residue D19 the sugar pucker 
was indeed observed in a C2'-endo state, but residue C3 adopted a normal СЗ'-
endo conformation. It may be expected that interactions like base stacking or 
intercalation and the presence of positive charges may sometimes favour the 
unusual form, because sterically the 7 gauche(-) conformation is allowed for N-
as well as S-type sugar conformations. 
ο · ο · 0 ir i™£j 
Previous experimental and theoretical studies revealed a strong correlation be­
tween the sugar pucker and ε. These results are confirmed by the present study 
which shows that ε is restricted to a rather narrow region. Fig. 3-8A shows 
the Ρ-ε distance contour plot for DNA, Fig. 3-8B that for RNA. Because the 
oxygen atom, 0 2 ' , in RNA has a larger radius than the corresponding hydro­
gen atom, H2", in DNA, in RNA ε is confined to a considerably smaller region. 
From these plots it is obvious that the ε gauche(+) domain is always forbidden 
on sterical grounds. This results from the combined steric interactions of the 
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phosphorous atom at the 3' end of a nucleotide with the atoms 0 4 ' , C I ' , H I ' , 
H4', C5 ' and H2" (DNA) or 0 2 ' (RNA) (Table 3-3). Furthermore, indepen­
dently from the values adopted by other torsion angles ε does not adopt values 
between 300 and 360°, which largely restricts the range of e gauche(-) values. 
We have already shown elsewhere [23] that inclusion of the third order inter­
actions in the [ 7 = 6 0 ] - P - Ê correlation has a negligible effect, i.e. the domain, 
disallowed by steric hindrance as a result of the third order interactions, is 
already excluded by second order interactions. 
The third order interaction in the P-£-[C] correlation yields a different result. 
The Ρ-ε-[ζ=-60] distance correlation plots for DNA and RNA are shown in Figs. 
3-8C and 8D, respectively. It can be seen that for the ε-Ρ-[£=-60] correlation 
the already disallowed range of ε on the left hand side of the plot (ε < 180°) 
is even more limited by steric interactions between the atoms H2"(i) (DNA) or 
02 ' ( i ) (RNA) and 0 5 ' ( i + l ) . When С=-95°, the value normally adopted in a B-
DNA type helix [19], the situation is different; the region for ε on the left hand 
side of the plot originally excluded by second order contacts is already larger 
than the area excluded by the newly introduced third order steric contacts. 
This is shown in Figs. 3-8E and F for DNA and RNA, respectively. Thus, it is 
very important to know the exact value of ζ before drawing conclusions about 
the allowed region of ε and vice versa. 
Experimental results have shown that if the sugar pucker is СЗ'-endo, the tor­
sion angle ε will always fall in the trans region, while for a C2'-endo pucker 
higher values of ε are also observed. We have already shown elsewhere [23] that 
this can be explained by taking the fourth order interaction [7=60]-Ρ-ε-[ζ=-60] 
into account. Then the region allowed for ε becomes very small for the СЗ'-endo 
pucker: the complete gauche(-) area is excluded. Also for the C2'-endo pucker 
ε gauche(-) values are restricted, i.e. to values around 270°. Changing the 
(fixed) values of 7 and ζ does hardly alter the restrictions for the ε gauche(-) 
state, as shown in Figs. 3-8G-L for the following combinations of 7 and ζ in 
a DNA oligonucleotide: 7=60° and C=-60°, 7=180° and C=-60°, 7=60° and 
£=60°,7=180° and C=60°, 7=60° and ζ=-95", 7=180° and (=-95°. Hence, for 
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DNA as well as for RNA the largest values of e are accessible only for residues 
with C2'-endo sugar puckers. It is noted in passing that RNA normally has 
СЗ'-endo sugar puckers and that it is known that sugar pucker conversion is 
relatively easy for DNA, while for RNA interconversion is rather restricted. 
The data given show no significant differences with the energy contour maps 
given by Pearlman and Kim [8]. In DNA for СЗ'-endo sugars a small range 
of ε values centered around 195° is energetically feasible. For C2'-endo sugars 
they found two energy minima: at ε«180° and e«285°. The corresponding 
plot for RNA indicates a greater flexibility for e (170°< e <250°) when the 
sugar is in the СЗ'-endo range, as compared to DNA . This greater flexibility 
cannot be explained on steric grounds and inspection of for example electrostatic 
interaction or interactions with the solvent may give a physical explanation. It 
was shown that, as for DNA, the largest values of ε are energetically accessible 
only for residues with C2'-endo sugar puckers. 
The experimental data obtained for ribo oligonucleotides with C2'-endo sugar 
puckers are quite consistent with the results presented here. As metioned ear­
lier, X-ray studies on t R N A P k e and t R N A x ' p have shown that several sugar 
residues adopt a C2'-endo conformation [16,20]. In some instances this change 
in the pucker occurred concomitantly with a change of 7 from a gauche(+) to 
a gauche(-) state (vide supra), relieving the electrostatic interactions [22]. But 
several other examples can be given in which ε adopts a gauche(-) state along 
with the necessary change in the sugar pucker from a СЗ'-endo to a C2'-endo 
conformation. This is found in tRNA'* i p for residues A7, A9 and U60 [16] and in 
t R N A P h e for residues U7, A9, G19, m 7 G46, π^Αδδ and C60 [20]. In the residues 
m
7 G46 and m 1 A58 not only ε, but also 7 changed to a gauche(-) conformation, 
giving an extra necessity for the sugar to be in the C2'-endo conformation. [20]. 
It is noted that these deviations from a regular A-RNA type structure are found 
at positions where the chain is converted from a helical to a loop structure. 
Furthermore, in the RNA hairpin studied by Cheong et al. [24,25] for two 
residues in the loop the sugars changed from a СЗ'-endo to a C2'-endo confor­
mation for the same reason. Of course, this change in pucker also widens the 
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distance between the phosphorous atoms of two neighbouring residues, which 
may be helpful in loop closing. 
Another example is the circular trinucleotide cr(GpGpGp) for which two stable 
conformers were found [23]. The ribose sugar is fixed in the unusual C2'-endo 
state, which permits ε to occur in a gauche(-) conformation which is indeed 
found in one of the conformers. 
In the left-handed Z-DNA duplexes the conformations of the individual nu­
cleotides dG and dC differ greatly from each other. While dC adopts a stan­
dard C2'-endo sugar pucker conformation, the dG sugar occurs in the C3'-endo 
form. Dependent on crystallization conditions, different Z-DNA forms were 
found, called Z¡ [26,27], Z¡¡ [26,27], Ζ' [28,29] and Ζ [28,29]. Prom a fiber 
diffraction study the torsional parameters became known for yet another form, 
Zf, of polyd(GC)-polyd(GC) [30]. It is remarkable that in all of these structures 
the torsion angle ε of the deoxycytidine moiety adopts values in the range from 
256 to 275°, which is only possible for C2'-endo sugar conformations. In the 
deoxyguanosine units of the Zjj-, Z'- and Z-form the torsion angle ε is found in 
the trans domain, as required by the fact that the sugars are СЗ'-endo, but in 
the ZF form (in which the sugar is also З'-endo) ε = 288°, which is not allowed 
on sterical grounds according to Figs. 3-8G-L. It is very well possible that these 
fiber diffraction data need additional refinement. 
3.3.6 ε,-ζ, 
From the ε-C contour map it is clear that e is distinctly correlated with ζ 
(Fig. 3-9A) as was already indicated inthe previous section The present analysis 
shows, however, independently of the value of the pseudorotation phase angle, 
that ε is already restricted to a narrow range by steric hindrance between the 
atoms C2',, C4', and H3', on one hand and 05 ' 1 + i , OA1 +i and O B 1 + t on the other 
hand. When the conformation of the sugar pucker is also taken into account 
the results are even more interesting. In Figs. 3·9Β and 3-9C the [Ρ=165]-ε-£ 
correlation is considered for DNA and RNA respectively, and by the same token 
in Figs. 3-9D and 3-9E the [Р=9]-г=£согге1аиоп is considered for DNA and 
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RNA respectively. For the deoxyribose sugar in a C2'-endo conformation, the 
torsion angle ε has to adopt values larger than 180° if ζ is in one of the staggered 
conformations, as is shown in Fig. 3-9B. Only for £=270°, which is observed 
in standard B-DNA [9], a narrow region exists in which ε may adopt values 
smaller than 180°. For ribose sugars, the region forbidden for ε is much larger 
than for deoxyribose sugars because of steric hindrance between the hydroxyl 
group instead of the H2", with the 0 5 ' , О A and OB atoms, connected to the 
phosporous atom at the 3' end of the nucleotide. When the ribose sugar adopts 
a C2'-endo pucker ε always has to be larger than 180° (Fig. 3-9C). The contact 
distance between H2" (or 0 2 ' in case of RNA) and OA, OB or 0 5 ' increases 
rapidly with changes in ε from trans in the direction of gauche(-), but this 
would lead to drastic changes in the helix conformation, requiring compensating 
changes in other torsion angles. However, an increase in the distance between 
the cited atoms may also occur by variation of ζ so that ε can move back to 
180°. a change in ζ, which normally may simply result in the swinging out of a 
residue. 
Alteration of the sugar pucker conformation from C2'-endo to СЗ'-endo with 
P = 9 ° , results in a small change in the preferred region for ε. The situation 
for a deoxyribose and a ribose sugar is presented in Figs. 3-9D and E, respec­
tively. Even values smaller than 180° are still allowed for ε. The fourth order 
interactions [7=53]-[Ρ=9]-ε-£ and [7=180]-[Ρ=9]-ε-£ cause the exclusion of ε 
gauche(-) for a СЗ'-endo correlation. This is shown for a ribose sugar in Figs. 
3-9F and G, respectively. Then indeed, for the values normally adopted by ζ 
the ε gauche(-) area is forbidden because of steric hindrance between the H5" 
proton at the 5' end of the nucleotide unit and the 0 5 ' , OA and OB atoms con­
nected to the phosphorous atom at the 3' end. It has to be emphasized that all 
the contour plots given here have to be combined, before drawing justified con­
clusions which means that consecutive angle pairs are critically dependent on 
the values adopted by the remaining torsion angles. Although in Figs. 3-8G-L 
the same fourth order interactions were taken into account, the variable torsion 
angles were different, resulting in different views. 
100 Chapter 3 
The ε-ζ m a p has been considered in several earlier studies [8,31,32] using energy 
calculations or quantum mechanical approaches. Despite the optimal values 
calculated for the sugar pucker, the ε-ζ energy contour plots given in [8] are in 
line with the ε-ζ and [Ρ]-ε-£ distance contour plots calculated and presented 
in this paper. From the energy contour plots a distinct correlation between ε 
and ζ had been predicted. It was concluded that for DNA ε increases gradually 
from 180 to 270" as ζ decreases from 260 to 120", suggesting that an ε gauche(-) 
is always found in combination with a ζ conformation in between a gauche(+) 
and a trans state. In contrast, for RNA a steep rise in the value of e from 180 
to 260° was proposed for a decrease in ζ from 320 to 260", suggesting that a 
change in sugar pucker, which is necessary when ε adopts a value of 260° is 
correlated with a change in ζ to 270°. In tRNA ζ values varying from 213 to 
286° are found when ε adopts a value of about 260° [16,17,20]. The results, 
obtained recently for a DNA hairpin with a TTTA-loop [15], in which ε and 
ζ of the last Τ in the loop are 295° and 55°, respectively, and for one of the 
stable conformers of the circular trinucleotide r(GpGpGp) [23] in which e=285° 
and £=83" , are unlikely on the basis of available energy plots [8] but ar allowed 
within the Ramachandran type plots derived here. 
3.3.7 Ci-ai+1 
The most widely studied torsion angle dependence in nucleic acids is undoubt­
edly that between the two backbone angles ζ and a, because it is believed that 
much of the conformational flexibility in the nucleic acids originates from a vari­
ation in this pair of angles [2,5,8,14,21,33]. The preferred α-ζ domain for the 
phosphodiesters is represented by the gauche(-) conformation around both the 
P - 0 bonds. In regular A- and B-DNA type helices the gauche(-) conformation 
is indeed displayed with α torsion angles varying from -40 to -90° and ζ in the 
range from -45 to -150° [9]. 
On the basis of second order steric hindrance (see Fig. 310) only those α-ζ 
combinations are excluded for which α as well as ζ are in an eclipsed conforma­
tion. The contour plot suggests that the a- and ζ torsion angles lend a large 
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flexibility to an oligonucleotide chain. Furthermore it conforms to experimental 
results which show that mostly a and ζ account for changes in the direction 
of the sugar-phosphate backbone. The flexibility allowed by this torsion angle 
pair is, however, not as large as suggested by Fig. 3-10. It is limited by higher 
order interactions (vide infra). Moreover, a notable feature of a ζ-α map con­
structed on the basis of experimental results [2,8] is the absence of conformers 
with a(trans)-£(trans) combinations. This observation has been rationalized 
theoretically and the effect responsible for this behaviour has been termed the 
anomeric or gauche effect [9]. Although beyond the approach taken in this chap­
ter we advice that this effect is taken into account considering the non-allowed 
regions of this angle pair. 
Calculations of the third order interactions [ε,=200]-ζ,-α1+1 and ζ,-α,-[β,+ί=180] 
do not really enlarge the domains excluded on sterical grounds. The conclusions 
drawn above for the α-ζ correlation remain the same, independent of the values 
adopted by e, or /3,+ι· 
In DNA and RNA molecules studied by NMR a and ζ in the double stranded 
regions mostly adopt the gauche(-) conformations. However, in single stranded 
regions oftentimes a change in one of the α or ζ angles has been detected 
[15,19,23,34-40]. In tRNA a turn with ζ gauche(-) and a gauche(+) or α trans 
is the most common [16,17,20,41]. 
3.3.8 Ρ,-χ,. 
In considering this correlation a distinction has to be made between the effect of 
purine and pyrimidines bases. The conformational mapping was performed with 
adenine as a representative of the purines and cytosine as a representative of the 
pyrimidines. Figs. 3-11A and В show that when a pyrimidine base is attached 
to the sugar ring, the sugar pucker, P, is excluded by steric hindrance in the 
region between about 260° and 320° for almost all values of χ. For a purine base 
this type of interactions are absent. This means that for a pyrimidine a rotation 
from a СЗ'-endo via the 04'-endo to a C2'-endo pucker [13] is possible, but a 
rotation via the 04'-exo conformation will result in steric hindrance between 
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atoms in the aromatic ring and in the sugar ring. In a pyrimidine base rotation 
around χ is more limited. Steric hindrance is introduced in parts of the domain 
between 280° and 330°. The width of this last region depends on the value of 
Ρ (see Figs. 3-11B-C). 
In Fig. 3-11C it is shown what happens if the sugar attached to a pyrimidine 
base is a ribose instead of a deoxyribose. If the sugar pucker is СЗ'-endo no 
changes occur, but if the sugar pucker has been switched to a C2'-endo confor­
mation, the domain allowed for torsion angle χ is more restricted. The lowest 
anti-value allowed is about 200°, because of steric hindrance effects between the 
hydroxyl group and the 0 2 atom in the aromatic ring. For a purine ring this 
distance is always larger than the sum of the Van der Waals radii. An analysis 
of the crystal data of several tRNAs shows that in most cases the allowed ranges 
for χ are observed. 
In the RNA hairpin (GGAC-UUCG-GUCC) [24,25], the sugar moieties of two 
pyrimidine residues in the loop adopt C2'-endo conformations. The correspond­
ing glycosidic torsion angles with values of 196±14° and 204±6°, fall exactly in 
the preferred region. 
In the literature in general differentiation is made between the C2'-endo and 
СЗ'-endo sugar pucker. As shown above, based on sterical grounds it would be 
better to compare the conformation allowed for purines and pyrimidines. The 
correlation observed between χ and the sugar pucker for pyrimidine nucleotides 
states that χ is between 180°and 222" for СЗ'-endo and between 216°and 245° 
for C2'-endo conformations [9]. It is stated that this angular adjustment with 
sugar conformation is due to steric hindrance between the H3' atom and the 
H6 atom in a pyrimidine base, leading to χ around 180°. Steric hindrance 
between these atoms indeed occurs, albeit that it only happens if the pucker is 
in between a CI'-endo and a СЗ'-endo conformation and if at the same time χ 
adopts values between 240 and 270". 
In all the calculations presented here it is assumed that the bond lengths and 
bond angles remain constant. If for example the glycosidic bond length be­
tween C I ' and N9/N1 may change, this may have small influence on the steric 
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interactions observed in pyrimidines. 
NMR data have shown that in purine nucleosides both syn and anti conformers 
are about equally abundant, but for the pyrimidines the anti conformation is 
dominant. It is known that in guanosine nucleotides electrostatic interactions 
between the amino group and the 5' phosphate group are responsible for the 
preferred syn conformations [9]. 
The energy profiles given by Pearlman and Kim [8] for the Ρ-χ correlation 
suggest that a syn conformation is preferably accompanied by C2'-endo puck­
ering. This may be explained by interactions within the molecule, or perhaps by 
higher order interactions, but not on sterical grounds as calculated for the Ρ-χ 
correlation (Figs. 311A-C). Furthermore, these energy data do not explain the 
occurrence of N-type sugar conformations in Z-DNA in which the glycosidic tor­
sion angle is held in the syn range. The rest of the presented experimental da ta 
follows closely the low energy valley predicted in the map. The energy contour 
map predicts that high and very high anti values of χ are only accessible if the 
sugar pucker is in the C2'-endo range, which is in agreement with experimental 
data. On sterical grounds, for a purine base C2'- as well as СЗ'-endo puckering 
is allowed if χ is in the high-anti range. 
In the dodecamer d(CGCGAATTCGCG) studied by Dickerson [42] all the sug­
ars adopt S-type conformations and the χ angles fall in the anti range. Espe­
cially the pyrimidines are important to consider because of the limited space 
available for torsion angle χ. Almost all the values given for the pyrimidines are 
in agreement with the plot shown in Fig. 3-11B. Another example are the χ an­
gles of the thymine residues of the hairpin with a TTTA-loop [15] which all have 
values that are in agreement with the plots given here, as well as the high-syn 
value x=130° for the adenine residue. This adenine base is involved in Hoog-
steen base pairing with the first thymine base in the loop. The residues come 
close to each other to permit hydrogen bonding. Furthermore, the Hoogsteen 
pair stacks on top of the sixth base pair of the B-type stem. It is reasonable to 
assume that the hydrogen bond- and stackings interactions are more favourable, 
at the expense of a van der Waals repulsion factor. 
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In Z-DNA the sugar pucker of the guanine residues resides in the N-type range 
and torsion angle χ adopts a syn value [26-30]. In one of the different types 
found for Z-DNA the sugar puckers of the guanine residues are Cl'-exo instead 
of the expected СЗ'-endo, (or eventually C2'-endo) sugar conformations. The 
explanation given for this feature is that if the sugar adopts a Cl'-exo con­
formation, a steric clash between the C2' atom in the sugar ring and the N3 
atom in the guanosine ring would have been removed [9]. In our opinion the 
distance between these two atoms is not dependent on the sugar pucker at all. 
The distance will change on a rotation of torsion angle χ only and it is this 
atom-atom distance that causes the exclusion of χ values between 100 and 130° 
for all values of the sugar pucker. 
Conformational space of pairs of next nearest neighbouring tors ion 
angles. 
3.3.9 ε,-α,+ι. 
The analysis of the conformational space of this angle pair entails the correlation 
ε,-[ζ,]-α,+ι and thus only third and higher order interactions are considered. 
For third order interactions the allowed regions in the e-α correlation plot are 
limited when £=-30, -60 or 60°. In these situations steric hindrance occurs 
between the atom pairs C4',-C5' I +i, C2',-C5',+i and H3 ' , -C5 ' , + b which exclude 
a from the gauche(+) or gauche(-) domain. When £=-90°, the value normally 
found in B-DNA type helices, the full range from 0-360" is still allowed for a 
as well as ε (of course this statement is only valid for third order interactions, 
second order interactions diminish this range (vide supra)). The fourth order 
interactions ε,-[£=-30,-60,60]-α,+1-[/91+ι=180], presented in Figs. 3-12A-C, even 
enlarge the sterically forbidden regions. If ζ=-30 or -60° and /3=180°, the 
torsion angle a is banned from the gauche(+) domain independently of the 
value adopted by ε. The forbidden α gauche(-) area is larger when £=-30° 
than when £=-60° as can be seen in Figs. 3-12A and B. In the situation in 
which £=60° the complete α gauche(-) domain is prohibited, independent of 
the value adopted by ε, as shown in Fig. 3-12C. However at these conditions 
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the accessibility of the gauche(+) domain is now enlarged. When ε adopts a 
value in the trans domain around 180°, α is still banned from the gauche(+) 
domain, but for values of ε above 220°, a gauche(+) values exceeding 60° are 
allowed. Rotating ζ to a value of -90° drastically changes the picture, as is 
shown in Fig. 3-12D. For ε-values larger than 230° all values in the 0-360° 
range are allowed for a except for two very small areas around ε=300°. If 
ε falls in the domain between 140° and 230° α is frobidden between 0° and 
100°, but the whole gauche(-) and trans regions remain accessible. From these 
plots it is clear why ζ gauche(-) values are normally found around the non-
staggered values -90° to -120°. This results in more conformational freedom 
for the surrounding torsion angles. The possibility in which ζ adopts a trans 
value was not considered, because this has not been observed in s tandard B-
DNA. The conclusion, derived from the contour plots presented here is that in 
general the combinations α g(+)/C g(+), a g(-)/C g(-)> <* t/C g ( + ) , a t/ζ g(-) 
are allowed, subject however to the exact value adopted by ε is very important. 
An a g(+)/C g(-) state may only be found if the value adopted by ζ is around 
-100°. The α g(-)/C g ( + ) state is unlikely to occur if β is in a trans (/3=180°) 
conformation because of steric hindrance. In tRNA the states α g ( + ) / ( g(-) 
with ζ g(-) around =-60° and a g(-)/C g(+) occur a few times [16,20], but in 
all cases the torsion angle β has rotated to a value much lower or higher than 
180°, which surely will make a difference for the zones in the map, excluded on 
sterical grounds. It is remarkable that the conclusions drawn from these ε-α 
contour plots deal with an α-ζ correlation. From the α-ζ distance correlation 
plots it was not possible to derive this information, because we did not consider 
fourth order interactions. 
3.3.10 c-A+i· 
Distance calculations were performed for third order interactions in the corre­
lations £-[α, + ι=-60 or 60]-/?,+i and the results are shown in Figs 313A-B. If 
α is -60° (Fig. 3-13A), gauche(+) values for ζ are largely prohibited, except 
for a small region of β around 240°, and if α is in the gauche(-f-) domain (Fig. 
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3·13Β), ζ may not adopt gauche(-) values beyond 300° for almost all values of 
β. The even more interesting effect of fourth order interactions in the £,-[a1+1 = -
60,60]-/9,+1-[7,+i =60,180] correlations are shown in Figs. 313C-F. If a > + 1 =-60° 
and 7,+ 1=60° (Fig. 313C), as normally found in A- or B-DNA type helices, 
and the value adopted by β,+ϊ is in the usual trans domain, then torsion angle 
ζ, is allowed to vary between 60 and 360°. The allowed region is not diminished 
by the inclusion of 7. With torsion angle ß,+l in the gauche( + ) domain, the 
allowed range is appreciably diminished after inclusion of the effect of the extra 
torsion angle 7, and ζ, has to adopt values in the trans domain, otherwise ster-
ical hindrance will occur. This trans region is small, varying from 180 to 250°. 
When 7,+i is subsequently rotated to 180°, the allowed trans states become 
much wider, in the range from 130 to 290° (Fig. 3-13D). Changing /?1+1 to a 
gauche(-) value then the range allowed for ζ depends on the exact value of β 
but ζ always has to adopt values larger than 100°. In Figs. 3-13E and F α > + 1 
is changed to 60°. When at the same time 7 is fixed to 60°, the torsion angle 
β is not allowed to adopt gauche(-) values, independent of the values of torsion 
angle ζ (Fig. 3-13E). When β is turned to the gauche(+) domain, ζ has to be 
smaller than 280°. This is also true for β in the usual trans domain, although 
this is independent of the value of 7 and follows already from third order in­
teractions as shown in Fig. 3-13B. Rotating 7 to the trans domain allows β to 
adopt gauche(-) values only for ζ in the trans domain (Fig. 3-13F). 
In the mini hairpin formed by d(m 5 C(l)G(2)m 5 C(3)-G(4)T(5)-G(6)m 5 C(7)G(8)) 
[18] β of residue G(6) is in the gauche(+) domain, and the preceding torsion 
angles ζ and α are in the (-)anti-clinal and gauche(-) domains respectively, with 
C=245° and a=286° . If 7 of residue G(6) would have had a gauche(+) value the 
atoms C3'(5) and 04'(6) would have been in close approach but since 7 has been 
rotated to a trans value, these steric interactions are abolished (Figs. 3-13C and 
D). In the mini hairpin formed by d(C(l)G(2)'C(3)-rT(4)A(5)-G(6)C(7)G(8)) 
[19] torsion angle β of residue a C(3) of the energy minimized structure adopts 
a gauche(-) value of 276°. The preceding ζ and α angles are in a trans and 
a gauche(+) domain, respectively, with £=176° and a=91° . This can best be 
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compared with the distance correlation plots given in Figs. 3-13B, E and F, al­
though in these plots a=60°. When 7 of residue a C(3) would have stayed in the 
normal gauche(+) region, steric hindrance would have occurred, caused by an 
interaction between the C3' atom of residue G(2) and the C3 ' atom of residue 
a C(3) . However, 7 of °C(3) has rotated to the trans domain with 7=191°, 
resulting in a situation as plotted in Fig. 3-13F. 
3.3.11 α,-7,. 
A strong correlation between α and 7 has been noted from the experimental 
data [21,43] and this has been described as a "crankshaft" motion [21,33] about 
the β torsion angle. The a-[ß]-j distance contour plots (not shown) show that 
no steric hindrance will occur between atoms, whose distance of separation 
depend on rotation about a or 7. Extension to the fourth order interactions 
a-[/?=180]"7-[P=9,165] does not change this result. The strong a-7 correlation 
thus should have an energetic basis. 
3.3 .12 Д-Р, . 
The effects of third order interactions in the ß-[j=6Ö]-P distance correlation 
are given in Fig. 3-14. From this plot it follows that, independent of the sugar 
pucker, β is excluded from the gauche(-) domain values. For the standard N and 
S sugar puckers β values in the gauche(+) domain are also limited depending 
on the exact values of the pseudo rotation angles; β always has to be larger 
than 60°. 
It has already been indicated (vide supra) that only if 7 adopts a value in the 
trans domain, steric hindrance is largely abolished and β may be found between 
20 and 340°. The third order interactions in the /3-[7=180]-P correlation do no 
lead to steric hindrance at all The oligonucleotides in which for one or more 
residues β adopt gauche(+) and/or gauche(-) values have already been desribed 
in earlier sections. 
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The first thing that stands out in the analysis of the third order interactions 
of the 7-[Ρ]-ε correlation is the fact that for S-type sugars, all combinations of 
7 and ε are sterically allowed, while for N-type sugars only small regions are 
excluded. The results of the calculations, done for an N-type sugar with P^=9° 
are shown in Fig. 3-15A. From the ε-Ρ correlation we already know that if Ρ 
adopts a value, typical for N-type sugar conformations, then the ε gauche(-) 
area is disallowed because of steric hindrance. From Fig. 3-15A it may be 
concluded that if 7 adopts a value in the gauche(-) domain, the ε gauche(-) 
region is disallowed because of steric hindrance caused by the atom pair 05 ' ,-
P 1 + i , Previously only 7 gauche(+) and trans states were taken into account. If 
7 changes to the staggered gauche(+) or trans state, only small domains are 
excluded in the ε gauche(-) area of the 7-[Ρ=9]-ε plot (Fig. 3-15A). Extension 
of the calculations fourth order interactions, involved in the 7-[Ρ=9]-ε-[ζ] cor­
relation lead to the conclusion that independently from the value chosen for ζ, 
the complete ε gauche(-) domain is forbidden for the N-type sugar conforma­
tions. This is shown in Figs. 315B-D for C=-60, C=-90 and C=60°. In fact 
these atomic clashes are caused by the same atom pairs as mentioned in the 
[7]-P-£-[C] correlation, because in Figs. 315B-D as well as 8G-L the same set 
of torsion angles is concerned. 
3.3.14 χ,-ε,. 
The interaction between χ and ε has been described as a way to adjust the 
relative orientation of each base with respect to its neighbour in the 3' direction. 
In the СЗ'-endo conformation it is seen as a form of crankshaft linkage involving 
the entire sugar ring [43]. When the sugar conformation changes, the Cl '-N and 
C3 '-03 ' bonds cease to be parallel and the anticorrelation between the torsion 
angles vanishes [43]. Via the present approach not much can be contributed to 
these observations because sterically all combinations of χ and ε are allowed 
when considering the third order interactions in the χ-[Ρ=9]-ε or χ-[Ρ=165]-ε 
correlations. 
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3.3.15 ji-Xi. 
In the analysis of the third order ineteractions of the 7-[Ρ]-χ correlation, only 
the states P=9° and P=165° were considered. As before for the Ρ-χ correlation 
it was necessary to differentiate between purine and pyrimidine bases attached 
to the sugar ring and the calculations were done for an adenine and a cytosine 
base which are representative for the two classes of bases. In the situation that 
P=165° and the attached base is a purine, only a very small region in the map 
is disallowed because of steric hindrance, as is shown in Fig. 3-16A. For χ in 
the anti orientation, as is normally found in A- or B-type DNA, 7 may adopt 
all values between 0° and 360". When χ is rotated to a syn orientation close to 
0°, then 7 still may adopt values in the complete 0°-360° range, but if the syn 
value increases, the 7 gauche(+) region becomes forbidden and 7 has to rotate 
to a trans or a gauche(-) state. 
For a pyrimidine base, attached to a C2'-endo sugar a small region around 
X=230° and 7=100° is forbidden on sterical grounds, as shown in Fig. 3-16B. 
This large value for 7, however, has seldomly been found experimentally. When 
χ is turned to the sym domain 7 is largely excluded from the gauche(+) domain 
(Fig. 3-16B). Two small domains in which 7 adopts values around 200° or 330° 
are also ruled out on sterical grounds. The classical rotamers with 7 around 180° 
and 300° are allowed for purine as well as pyrimidine residues when the sugar 
is in the C2'-endo conformation. The 7-[Ρ]-χ contour plot becomes somewhat 
different but not fundamentably when the sugar pucker changes from a C2'-
endo to a СЗ'-endo conformation. The forbidden domains are enlarged with 
respect to the C2'-endo situation but qualitatively comparable. This is shown 
in Figs. 3-16C and D. 
Crystal structure analyses of syn nucleosides have shown a preference for C2'-
endo puckered sugars [44]. Scrutiny of all nucleoside crystal data has suggested 
that purine nucleosides with C2'-endo puckers adopt both syn and anti forms 
in nearly equal distribution, but СЗ'-endo puckering often shifts the orientation 
about the glycosyl bond to anti. For pyrimidine nucleosides, only in rare cases 
the syn form is found. These observations are completely in agreement with 
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the results shown in Figs. 3-16A-D and thus based on sterical grounds. 
Single X-ray diffraction studies on the Z-DNA family [26-30] showed that the 
guanosine occurs in a СЗ'-endo sugar pucker, while the orientation around χ is 
syn. As expected (Fig. 316C-D), 7 is in a trans orientation, which is necessary 
to get rid of the short distance between the 0 5 ' atom in the phosphate backbone 
and the C2 and N3 atoms in the purine ring. 
In the hairpin formed by d(ATCCTA-TTTA-TAGGAT), the adenosine residue 
of the TTTA-loop is in a high-syn conformation, which permits Hoogsteen base 
pairing with the thymine of the first loop residue. Torsion angle 7 of this last 
residue adopts a trans conformation, but this switch in 7 is not caused by 
the steric hindrance effects as described in this paragraph, because χ is in the 
high-syn and not in the pure syn orientation (Fig. 3-16). 
In the RNA-hairpin formed by r(GGAC-UUCG-GUCC), a syn orientation has 
been observed for the glycosidic angle of the guanine residue in the loop [24,25]. 
As required (Fig. 3-16) 7 of residue G8 adopts a trans value (169±10°). The 
sugar pucker of this residue stays in a СЗ'-endo conformation, which is allowed 
for a syn oriented purine ring, but would be sterically impossible for a pyrimi-
dine ring. 
In the circular trinucleotide cr(GpGpGp) [23] the orientation of the bases around 
the glycosyl bond is also syn, allowing hydrogen bonding between the guanine 
rings and the phosphate groups in the backbone. Despite an observed equilib­
rium between two different states, the sugar pucker stays fixed in a pure S-type 
conformation, which allows 7 to adopt the gauche(+) conformation. The tran­
sition from the gauche(-l-) to the trans state has to occur via an intermediate 
conformation in which χ adopts a syn value around 0° or a high syn value 
around 90°. When the ribose sugars were not in an S-type conformation this 
equilibrium between 7 gauche(-)-) and trans states could not have occurred. 
3.3.16 p.-Ci. 
The third order contacts in the correlation Ρ-[ε]-£ are very sensitive to the 
value chosen for ε. When, for example, ε equals 240°, all the distances involved 
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remain larger than the sum of the van der Waals radii. However, when in a 
deoxyribose nucleotide chain, ε is equal to 180° and the sugar adopts an S-type 
conformation then ζ is banned from any of the staggered conformations, but 
has to adopt values around 30, 120 or 240°. This changes radically when the 
sugar becomes N-puckered. ζ may then adopt values in the full range from 0 to 
320°. These correlations are shown in Fig. 3-17A. When the sugar is a ribose 
instead of a deoxyribose, ζ becomes much more restricted; this is shown in Fig. 
3-17B. Steric hindrance of the hydroxyl group with several other atoms is only 
eliminated when the sugar pucker resides in the СЗ'-endo range but then ζ 
has to be smaller than 280°, indicating why a ζ gauche(-) conformation is never 
exactly found at the staggered conformation £=300°. In the energy calculations, 
described by Pearlman and Kim [8] for DNA a strong linear correlation between 
Ρ and ζ was observed for ζ between 220 and 280*. However in their approach 
the values adopted by ε are unknown because its value is energy minimized. 
This makes it very difficult to compare their calculations with the distance 
contour data. The relationship between Ρ and ζ is assumed to be attr ibutable 
to a sort of "crankshaft" motion whereby the two torsion angles 6 and ζ can 
compensate one another to retain properties as base stacking [21,33]. It is not 
clear why for ζ less than 220° the sugar pucker in DNA is almost exclusively 
in the C2'-endo range, while the observation that for ζ greater than 280° the 
pucker is in the СЗ'-endo range is in a nice agreement with the data, given in 
Fig. 3-17A. 
The energy contour data predict that, in contrast to the situation in DNA, all 
the most favourable RNA conformations have СЗ'-endo sugars. The explanation 
for this is given in Fig. 3-17B, which shows that for C2'-endo conformations 
steric hindrance will occur between the hydroxyl group and the oxygen atoms 
attached to the phosphate group. It is noted again that in Fig. 3-17B the value 
adopted by ε is fixed to 180°. If ε rotates to 240° the steric clash completely 
disappears and as stated above (vide supra), if ε adopts a value in the gauche(-) 
area, it is required that the sugar adopts a value in the C2'-endo domain for a 
ribose- as well as a deoxyribose sugar ring. 
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3.4 Concluding remarks. 
In X-ray diffraction and NMR studies of proteins Ramachandran plots play 
an important role in controlling the quality of the structural data. In this 
chapter Ramachandran plots have been constructed which may fullfil a similar 
role for nucleic acids. The problems encountered for nucleic acids are, however, 
much larger because of the dimensionality of the problem, e.g. six torsion 
angles define the conformation of the backbone of a mononucleotide, while 
only two torsion angles describe the backbone of an amino acid. To obtain 
practical results two-dimensional contour plots of allowed and disallowed regions 
of the conformational space of nucleic acids are presented for pairs of torsion 
angles. In the construction of these maps the atoms were considered to be 
impenetrable spheres of certain sizes. Allowed conformations were those in 
which the spheres do not collide with one another. Attractive forces between 
atoms were completely disregarded. 
Relevant experimental data are all found within the allowed regions, indicating 
that assumptions used in this study are good approximations. We mention the 
most important ones: 
a) Steric interactions between atoms separated by three bonds were left outside 
of consideration. When taking these effects into account the conformational 
space left to several torsion angles becomes so limited that experimental da ta 
can no longer be explained. 
b) The bounds of the allowed regions depend on the choice of the van der 
Waals contact radii. In the early sixties two sets were proposed. In the present 
calculations the set termed 'outer limits' was used, which yields contour plots 
in accordance with all experimental data. It is interesting that part of the 
experimental data is found just at the limit of what is sterically allowed. This 
sounds reasonable because in these cases the attractive part of the van der 
Waals equation will dominate. 
c) Fixed bond distances and bond angles were used throughout the calcula-
tions. Within a mono- or dinucleotide, the distances between atoms will not 
be influenced to a large extent when changing these parameters, but for atoms, 
Torsion angle correlations in nucleic acids. 1 1 3 
separated by several nucleotide units, especially changes in bond angles affect 
the calculated distances. This remains to be determined in future investigations. 
The last two points, play a major role in shaping the distance contour plots for 
various angle-angle pairs. In the higher order distance calculations one or more 
torsion angles were assigned a fixed value. The results are very dependent on the 
exact values, chosen for these torsion angles. Extension of the given approach 
should elucidate to what extent the plots are sensitive to these different aspects. 
As mentioned, attractive forces between the atoms were not incorporated. Thus, 
while impossible conformations have been eliminiated, relative stabilities of 
conformations within the allowed regions are not revealed. Such data have to 
be obtained from potential energy calculations. Energy calculations performed 
so far indicate that torsion angles ζ, χ and especially β very much prefer a 
region in conformational space more limited than indicated in the contour plots 
presented in this chapter. For instance, the ζ gauche(+), χ syn, β gauche(+) 
and β gauche(-) conformations, which are sterically allowed given the right 
combination of the values of other torsion angles, may thus be found in our 
contour plots but may be energetically unfavourable and only in some special 
folding patterns the angles are found in the indicated domains. 
The results of the distance contour plots give an explanation for several strong 
correlations that exist between pairs of torsion angles. Furthermore, the maps 
fit all the relevant experimental data very well, showing that the assumptions 
used in this study, are good approximations. 
Although the polymorphism in nucleotides cannot be fully understood on the 
basis of distance correlation plots, the large amount of interesting results of the 
calculations have helped a lot to increase the understanding of the conforma­
tional space, available to nucleic acids. 
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Figure 3.5: The a-ß correlation. 
Α: α,-β, distance contour plot. 
Β: a,-/3,-/7,=60/ distance contour plot. 
C: a,-ß,-[-y,=180] distance contour plot. 
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Figure 3.6: The β-η correlation. 
A: β,-f, distance contour plot. 
Β: β,-%-[Ρ=165) distance contour plot. 
C: /3,-7,-[P=9/ distance contour plot. 
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Figure 3.7: The 7-Ρ correlation. 
A: 7,-P¿ distance contour plot for DNA. 
В: fi-Pi distance contour plot for RNA. 
С: 7,-P, distance contour plot for the atom pair 05\-03\+ί. The region in which 
the distance between 05\ and 0 3 ' i + i is less than 3.1A is shaded. This region, 
in which the sugar pucker is СЗ'-endo and 7 is in a gauche(-) conformation is 
forbidden because of severe electrostatic interactions. 
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Figure 3.8: The ε-P correlation. 
Α: ε,-Ρ, distance contour plot for DNA. 
Β: ε,-Ρ, distance contour plot for RNA. 
С: ε,-Ρ,-[ζ,=-60] distance contour plot for DNA. 
D: ε,-Ρ,-[ζ,=-60] distance contour plot for RNA. 
Ε: ε,-Ρ,-[ζ,=-95] distance contour plot for DNA. 
F: ε,-Ρ,-[ζ,=-95] distance contour plot for RNA. 
G: [Ί,=60]-ε,-Ρ,-[ζ,=-60] distance contour plot for DNA. 
Η: [~γ,=180]-ε,-Ρ,-[ζ,=-60] distance contour plot for DNA. 
Ι: [Ί,=60]-ε,-Ρ,-[ζ,=60] distance contour plot for DNA. 
J: [-γ,=180]-ε,-Ρ,-[ζ,=60] distance contour plot for DNA. 
Κ: [Ί,=60]-ε,-Ρ,-[ζ,=-95] distance contour plot for DNA. 
L: [η,=180]-ε,-Ρ,-[ζ,=-95] distance contour plot for DNA. 
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Figure 3.9: The ε-ζ correlation. 
Α: ε,-ζ, distance contour plot. 
Β: [Ρ,=:165]-ε,-ζ, distance contour plot for DNA. 
С: [Ρ
ι
=165]-ε,-ζ, distance contour plot for RNA. 
D: [Ρ,=9]-ε,-ζ, distance contour plot for DNA. 
Ε: [Ρ,=9]-ε,-ζ, distance contour plot for RNA. 
F: [Ί,=53]-[Ρ,=9]-ε,-ζ, distance contour plot for RNA. 
G: [Ύ,=180]-[Ρ,=9]-ε,-ζ, distance contour plot for RNA. 
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Figure 3.10: The ζ-a correlation: The ζ,-α,+ί distance contour plot. 
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Figure 3.11: The χ-Ρ correlation. 
A: Xi-Pi distance contour plot for a purine base. 
B: Xi-P, distance contour plot for a pyrimidine base attached to a deoxyribose 
sugar. 
C: x¡-P, distance contour plot for a pyrimidine base attached to a ribose sugar. 
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Figure 3.12: The e-α correlation. 
A: ε,-[ζ,=-30]-α,+ι-[β,+ί=180] distance contour plot. 
Β: ε,-[ζ,=-60]-α,+ι-[β,+1=180] distance contour plot. 
С: ε,-[ζ,=60]-α,+1-[β,+1=180] distance contour plot. 
D: ε,-[ζ,=-90]-α,+1-[β,+ί=180] distance contour plot. 
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Figure 3.13: The ζ-β correlation: 
Α: ζ,-/α1+ι=-60/-/31+ι distance contour plot. 
Β: ζ,-[α,+ι=60]-β,+ι distance contour plot. 
C: (,,-[α
ι+ί=-60]-βι+\-[η,+ι=60] distance contour plot. 
D: ζ,-[α,+ί=-60]-β,+ί-[%+ι=180] distance contour plot. 
Ε: ζ,-[α,+1=60]-β,+ι-[Ί,+ι=60) distance contour plot. 
F: ζ,-[α,+ι=60]-β,+ι-[Ί,+\=180] distance contour plot. 
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Figure 3.14: The β·Ρ correlation.β,-[*γ,=60]-Ρ, distance contour plot. 
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Figure 3.15: The f-ε correlation. 
A: 7,-/ï\=9/-e, distance contour plot. 
Β: Ί,-[Ρ,=9]-ε,-[ζ,=-60] distance contour plot. 
C: %-[Ρ,=9]-ε
ι
-[ζ,=-90] distance contour plot. 
D: 7,-/P,=9/-e,-/£,=60/ distance contour plot. 
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Figure 3.16: The χ-η correlation. 
Α: χ,-[Ρ,=165]-% distance contour plot for a purine base. 
B: xt-[P,=165]-j, distance contour plot for a pyrimidine base. 
C: X,-[Pt=9]-j, distance contour plot for a purine base. 
D: X,-[Pi=9]-j, distance contour plot for a pyrimidine base. 
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DNA,e,-1B0 RNA, e , . 180 
120 0 180.0 240.0 
Ρ, (deg) 
360.0 oo 1200 1Θ00 2400 
Ρ, (deg) 
Figure 3.17: The Ρ-ζ correlation. 
Α: Ρ,-[εί=180]-ζ{ distance contour plot for DNA. 
Β: Ρ,-[ε,=180]-ζί distance contour plot for RNA. 
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Type of interaction 
second order θ-(θ+1) 
third order θ-(θ+1)-[(θ+2)] 
[θ]-(θ+1)-(θ+2) 
θ-[(θ+1)]-(θ+2) 
Involved torsion angles 
α,-Α * 
Ä-T. 
7.-P. * 
Ρ,-ε, * 
c-C. 
Ci-o.+l * 
χ,-Ρ. 
α,-β,-Ы 
Ä-7.-[P.] 
7.-Р.-Ы 
Ρ.-ε,-Μ 
ε,-ζ,-[α,+ι] 
C.-or.+1-ІД+і] 
x.-P.-[c] 
ί.-ι]-«,-Α 
Ä]-7.-P. ** 
7.]-P.-e. ** 
P.I-C.-C 
E,]-C,-a,+i 
7.J-P.-X. 
A-
7." 
P,-
ε,-
c-
7·-
x.-
[Д.1-7. 
7.]-P. 
P,]-e, 
[e.]-C 
С.1-ОГ. + 1 * 
α,+ι]-Α+ι * 
P.]-x. 
[Ρ.]-ε. 
Table 3.2: AU possible combinations of fixed and rotatable torsion angles for 
the contacts up to fourth order. The results of the combinations marked with 
an asterix ((*) or (**)) are presented in this chapter. 
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Table 3-2, continued. 
Type of interaction. 
fourth order 
θ-(β+1)-[(9+2)]-[(β+3)] 
[0]-(0+l)-(0+2)-[(0+3)] 
[θ]-[(θ+1)}-(β+2).(θ+3) 
[θ].(θ+1)-[(θ+2)Ηβ+3) 
9-[(9+1)]-(ί+2)-[(β+3)] 
θ-[(θ+1)]-[(θ+2)]-(θ+Ζ) 
Involved torsion angles 
a.-ßt-bi 
A-7.-1P. 
τ.-Ρ.-[ε. -
P.-f.-tC-
[P.] 
•W 
[Cl 
[o.+i] 
£,-C.-[a,+i]-[A+i] 
(,-α,+ι-ΙΑ+ιΗγ,+ι] 
Χ.-Ρ.-(ε. 
Ä-7.-[P. 
7.-Ρ.-[ί·-
α, 
Α 
7. 
Ρ, 
ε, 
С 
Χ. 
β. 
7ι 
α. 
Ä 
7· 
-1С] 
-[χ.] 
[χ.] 
-A-7.-[P.l 
-7.-P.-[e.] 
-P.-e.-lCl 
-ε,-(.-[α.+ι] 
-C,-or,+1-[A+i] ** 
-Û ,+I -A+I- [7 .+I ] 
-P.-e.-K.] 
-7.-P.-tx.] 
•P.-e.-Dt.l 
-[A1-7.-P. 
-jT.]-P.-e. 
-P.l-e.-C 
Ρ.]-[ε.Κ.-α.+ι 
е.]-[СЬ»,+і-А+і 
С.]-[°І+І]-А+І-7.+І 
X.]-fP.]-e.-C. 
А1-Ы-Р.-Х, 
7.]-[Ρ.]-ε.-Χ. 
a, 
A 7ι 
P. 
-A-[7. 
-7.-[P 
-P.-[e. 
-e.-[C 
-P. 
-ε, ** 
-С 
-Q.+1 
ίιΚ.-[°ι+ΐ]-Α+1 
<ι]-ο,+ι-[Α+ι]-7ι+ι 
Χι 
A 
7. 
a,-
A-
7." 
P.-
« i -
c-
Xi-
A-
7." 
-P.-[c.]-C 
-7.-[P.]-x. 
-P.-[£.l-X. 
[A]-7.-[P.l 
7. 
P, 
ε, 
-P.-W 
-e.-[Cl 
-C-[e.+il 
CH»i+i-[A+i] 
o1 +,]-A+i-[7.+i] ** 
[P.]-e. 
7.1-P. 
Ρ.Ι-ε,-
o.-[A]-[7. 
A-[7.]-[P 
r.-[P.]-[«. 
С 
χ.] 
Χ.] 
-P. 
-e, 
-С 
P,-[e.]-[(,]-a,+i 
f i -
C-
λι-
Ä -
7ι-
C]-[o,+i]-A+i 
i»1+i]-[A+i]-7.+i 
[P.He.K. 
7.ЫР.1-Х. 
Ρ.]-[ε.]-Χ. 
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Table 3.3: List of all the atom pairs, involved in the seven sets of direct (second 
order) interactions in DNA and RNA oligonucleotides. The atom pairs giving 
rise to steric hindrance are indicated in bold. The atom numbering is according 
to Fig. 31. 
Second order interactions 
variable torsion angles 
α,-β, 
/3,-7. 
7.-P. 
Ρ,ε, 
ε.-ζ, 
Ci-o.+i 
P.-x, 
involved atom pairs 
0 3 \ - H 5 ' ( i + l ) 
0A1 + 1-H5'1 + 1 
0B1 +i-H5',+ ] 
P.-04', 
05',-03', 
05',-H2'1 
05',-CI', 
H5',-03', 
Нб'.-нг', 
H5',-C1', 
H5",-03', 
H5VH2', 
Н5 СГ, 
C5 ,-P, + i 
Cl ' ,-P ) + 1 
H2',-P> + 1 
C4',-OA1+1 
H3',-OA1 + 1 
C2',-OAI+1 
C3 ,-C5 , + 1 
C5',-C2, (cytosine) 
С5',-Нв, 
C5',-C4, 
C5',-H42, 
C5',-C8, (adenine) 
C5',-C5, 
C5',-C2, 
C5',-C6, 
C5',-H62, 
0 3 \ - H 5 » 1 + 1 
0A 1 + 1 -H5" > + 1 
0B,+i-H5" 1 +i 
P.-H4', 
05 ' , -НЗ' , 
05',-H2", (DNA) 
05',-Hl', 
H5',-H3', 
H5',-H2", (DNA) 
H5',-H1\ 
H5",-H3', 
H5",-H2", (DNA) 
H5",-H1', 
H 4 \ - P , + 1 
H l ' , - P 1 + 1 
H 2 » , - P t + 1 (DNA) 
C4\-OB, + 1 
H 3 \ - O B , + 1 
C2',-OB 1 + 1 
-
C5',-C6, 
C5',-C5, 
C5'.-N4, 
C5',-N3, 
C5',-H8, 
C5\-C4, 
C5',-H2, 
C5',-N6, 
— 
0 3 \ - C 4 \ + 1 
OA> + 1-C4'1 + 1 
OB 1 + 1-C4',+ 1 
P.-C3', 
05',-C2', 
0 5 ' , - 0 2 \ (RNA) 
Οδ',-ΝΙ,/ΝΘ, 
H5',-C2', 
H5',-02', (RNA) 
H5',-Nl,/N9, 
H5",-C2', 
H 5 V 0 2 ' , (RNA) 
H5n,-Nl,/N9, 
04 ' ,-P, + 1 
Nl,/N9,-P 1 + 1 
0 2 \ - P 1 + 1 (RNA) 
C4\-05 ' , + 1 
H3',-05 ' 1 + 1 
C2',-05', + 1 
-
C5',-02, 
C5',-H5, 
C5',-H41, 
-
C5',-N7, 
C5 ' ,-N3 t 
C5',-Nl, 
C5',-H61, 
— 
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Table 33, continued 
Second order interactions 
variable torsion angles 
PrX., cytosine 
involved atom pairs 
C4\-C2, 
C4',-H6, 
C4,,-C4, 
C4\-H42, 
C3\-C2, 
C3',-H6, 
C3',-C4, 
C3',-H42, 
H3',-C2, 
H3',-H6, 
H3',-C4, 
H3',-H42, 
H2',-C2, 
H2\-H6, 
H2',-C4, 
H2',-H42, 
H2",-C2, 
H2",-H6, 
H2VC4, 
Η2",-Η42, 
H4',-C2, 
H4',-H6, 
H4't-C4, 
H4',-H42, 
02',-C2, (RNA) 
02',-H6, (RNA) 
02',-C4, (RNA) 
02',-H42, (RNA) 
03',-C2, 
03',-H6, 
03',-C4, 
03',-H42, 
C4',-C6, 
C4' 
C4' 
C4' 
C3' 
C3' 
C3' 
C3' 
H3' 
H3' 
H3' 
H3' 
H2' 
H2' 
H2' 
H2' 
H2" 
H2" 
H2" 
H2" 
H4' 
H4' 
H4' 
H4' 
02 ' 
02 ' 
02 ' 
02 ' 
0 3 ' 
0 3 ' 
0 3 ' 
0 3 ' 
-C5, 
-N4, 
-N3, 
-C6, 
-C5, 
-N4, 
-N3, 
-C6, 
-C5, 
-N4, 
-N3, 
-C6, 
-C5, 
-N4, 
-N3, 
-C6, 
-C5, 
-N4, 
-N3, 
-C6, 
-C5, 
-N4, 
-N3, 
-C6, 
-C5, 
-N4, 
-N3, 
-C6, 
-C5, 
-N4, 
-N3, 
(RNA) 
(RNA) 
(RNA) 
(RNA) 
C4\-02, 
C4',-H5, 
C4',-H41, 
-
СЗ',-02, 
C3',-H5, 
C3',-H41, 
-
НЗ',-02, 
H3',-H5, 
H3',-H41, 
-
H 2 \ - 0 2 , 
H2',-H5, 
H2',-H41, 
-
H2",-02, 
H2",-H5, 
Н2",-Н41, 
-
H4',-02, 
H4',-H5, 
H4',-H41, 
-
0 2 ' , - 0 2 , (RNA) 
02',-H5, (RNA) 
02',-H41, (RNA) 
-
03',-02, 
03',-H5, 
03',-H41, 
— 
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Table 3-3, continued 
Second order interactions 
variable torsion angles 
Ρ,-χ,, adenine 
involved atom pairs 
C4' 
C4 
C4 
C4' 
C4 
C3 
C3 
C3 
C3 
C3 
H3 
H3 
H3 
H3' 
H3' 
H2' 
H2' 
112' 
H2' 
112' 
H2" 
H2" 
H2" 
H2" 
H2" 
H4' 
H4' 
H4' 
H4' 
H4' 
02 ' 
02 ' 
02 ' 
02 ' 
02 ' 
0 3 ' 
0 3 ' 
0 3 ' 
0 3 ' 
0 3 ' 
,-C8, 
,-C5, 
.-C2, 
,-ce. 
,-H62\ 
.-C8, 
,-C5, 
,-C2, 
,-Сб' 
,-H62, 
,-C8, 
.-C5, 
.-C2, 
•-C6, 
,-H62, 
•-C8, 
,-C5, 
І-С2І 
,-C6, 
,-H62, 
.-C8, 
.-C5, 
,-C2, 
,-C6, 
,-H62, 
,-C8, 
,-C5, 
•-C2, 
,-C6, 
.-H62, 
,-C8, (RNA) 
,-C5, (RNA) 
,-C2, (RNA) 
,-C6, (RNA) 
,-H62, (RNA) 
,-C8, 
.-C5, 
,-C2, 
,-C6, 
,-H62, 
C4',-H8, 
C4',-C4, 
C4',-H2, 
C4',-N6, 
-
C3',-H8, 
C3',-C4, 
C3',-H2, 
C3',-N6, 
H3',-H8, 
H3',-C4, 
H3',-H2, 
II3',-N6, 
-
H2',-H8, 
H2',-C4, 
H2',-H2, 
H2',-N6, 
-
H2",-H8, 
H2",-C4, 
H2",-H2, 
H2",-N6, 
-
H4',-H8, 
H4',-C4, 
H4',-H2, 
H4',-N6, 
-
02',-H8, (RNA) 
02',-C4, (RNA) 
02',-H2, (RNA) 
02',-N6, (RNA) 
-
03',-H8, 
03',-C4, 
03',-H2, 
03',-N6, 
-
C4',-N7, 
C4',-N3, 
C4\-N1. 
C4',-H61, 
C3',-N7, 
C3',-N3, 
СЗ'.-Nl, 
C3',-H61, 
H3',-N7, 
H3',-N3, 
НЗ'.-Nl, 
H3',-H61, 
— 
H2',-N7, 
II2',-N3, 
H2',-N1, 
H2',-H61, 
H2",-N7, 
H2",-N3, 
H2",-N1, 
H2",-H61, 
— 
H4',-N7, 
H4',-N3, 
H4',-N1, 
H4',-H61, 
-
02',-N7, (RNA) 
02',-N3, (RNA) 
02',-Nl, (RNA) 
02',-H61, (RNA) 
-
03\-N7, 
03',-N3, 
03', -Nl, 
03'.-H61, 
-
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Table 3.4: Atom pairs, involved in the calculated third- and higher order inter­
actions. Indication of atom pairs which give rise to steric hindrance is impossible 
because these atom pairs may change if the value(s) chosen for the fixed torsion 
angle(s) is/are changed. 
Third and higher order interactions 
variable 
torsion 
angles 
α-β 
β-Ί 
7-P 
7-P 
Ρ ε 
Ρ ε 
P-ε 
ε-C 
fixed 
torsion 
angle(s) 
7 
Ρ 
ß 
e 
7 
С 
7,С 
Ρ 
atom pairs involved 
03' .-04' 1 + i 03\-H4\ + i 
03'.-СЗ* | + 1 0A 1 + 1 -04' 1 + 1 
0A,+ 1-H4' I + 1 0A 1 + 1 -C3', + 1 
0B 1 + 1 -04 ( \ + 1 0B 1 + 1 -H4' > + 1 
0B,+i-C3',+i 
P.-H3', P.-03', 
P.-C2'. P.-H2', 
P,-H2'\ (DNA) Ρ,-02', (RNA) 
P.-Cl'. P.-Hi', 
P.-N1./N9, 
Ρ,-03', P,-H3', 
P.-C2', P.-H2', 
P.-H2", (DNA) Ρ,-02', (RNA) 
P.-c i ' . P.-Hi'. 
P.-N1./N9, 
05\-P. + 1 H5',-P,+ 1 
H5",-P,+ 1 
05',-P 1 + 1 H5',-P,+ 1 
H 5 V P 1 + 1 
C5',-P l + 1 H4',-P l + 1 
04',-P 1 + 1 C r . - P , + l 
ΗΓ.-Ρ.+, ΝΙ,/ΝΘ,-Ρ,.,., 
H2',-P,+ 1 H2",-P I + 1 (DNA) 
02',-P, + 1 (RNA) 
05',-0A,+ 1 05\-0B 1 + 1 
05' ,-05' I + 1 H5',-0A l + 1 
H5',-0B,+ 1 H5',-05',+ 1 
Η5",-0Α,+ 1 H5",-0B,+ 1 
H5",-05',+ 1 
H4',-0A1+1 H4',-0B,+ 1 
H4',-05',+ 1 04',-0A,+ 1 
0 4 \ - 0 B l + 1 04' ,-05', + 1 
C1',-0A,+1 C1',-0B,+ 1 
C r , - 0 5 ' , + 1 H1',-0A1 + 1 
H1',-0B,+ 1 Hl ' ,-05 ' , + 1 
H2',-0A1 + 1 H2',-0B 1 + 1 
Table 3-4, continued 
Third and higher order interactions 
variable 
torsion 
angles 
H 
ε-C 
C.-Qi+i 
C.-a.+i 
CI-ÛI+1 
£ i - « l + l 
C.-A+i 
C.-/3.+1 
<*і+г7.+1 
/VP, 
fixed 
torsion 
angle(s) 
Ρ 
P,7 
A+i 
ε, 
£і>Л+1 
С 
0 | + 1 
α.+ι,7·+ι 
ß. + l 
7. 
atom pairs involved 
H2' 
H2" 
02 ' 
02 ' 
N1./N9 
0 5 ' 
05 ' 
H5' 
H5" 
H5" 
C3' 
C3' 
C4' 
C2' 
C4' 
C4' 
H3' 
C2' 
C2' 
C4' 
C2' 
C3' 
C3' 
C3' 
C3' 
- 0 5 ' l + 1 H2".-0A1+1 (DNA) 
-0B , + 1 (DNA) H2",-05'.+ 1 (DNA) 
-OA.+i (RNA) 02 ' , -0B, + 1 (RNA) 
-05 ' 1 + 1 (RNA) N1./N9.-0A.+, 
-0B 1 + , Nl,/N9,-05'1+i 
-0A1+1 05 ' , -0B 1 + 1 
-05 ' 1 + 1 H5',-0A1+1 
-0B 1 + 1 H5'.-05'1+1 
-OA.+i H5".-0B,+ 1 
-05 ' , + 1 
-H5 ,+i C3 ,- H5 ,J.I 
-C4',+1 
-C5'1+1 
-H5'1+1 C4',-H5" I+1 
-C4;,+1 нз;,-н5;,+1 
-H5",+i H3\-C4\ + 1 
—H5 ,+i C2 ,- H5' ,+i 
-C4',+ 1 
—L-O I + I i l o , — \sD |j_i 
-C5\ + 1 
—H5',+i C3',—H5",+i 
-C4',+ 1 
-H4\ + 1 C3',-04' 1 + 1 
-C3' 1 + 1 
03'.-04'. + 1 03',-H4' 1 + 1 
03'.-C3'.+ 1 0A. + 1 -04 ' 1 + 1 
0A 1 + 1-H4' 1 + 1 0A. + 1 -C3' . + 1 
0B, + 1 -04\ + 1 0B. + 1 -H4', + 1 
0B 1 +i-C3',+i 
P.-H3'. P.-03'. 
P.-C2'. P.-H2', 
P,-H2'\ (DNA) Ρ,-02', (RNA) 
P,-Cl ' , P.-Hl'. 
P.-N1./N9. 
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Table 3-4, continued 
variable 
torsion 
angles 
7.-е. 
Ί.·ε, 
Ί,-ε, 
7.-£. 
Р.-С. 
7,-χ,, adenine 
ThW 
fixed 
torsion 
angle(s) 
P. 
/3.,P. 
P.,с 
A, P., С 
ε. 
Ρ, 
and higher order interactions 
atom pairs 
05\-P, + 1 
H5VP.-H 
P.-P.+i 
05',-0A1 +i 
05',-05' 1 + 1 
H5',-0B 1 + 1 
Н5",-0А,+1 
H5",-05'1 +i 
P.-OA,+l 
P.-05', + 1 
H4',-0A1 + 1 
Η4',-Ό5',+ 1 
04',-0B 1 + 1 
C1',-0A1+1 
Cl' ,-05 ' 1 + 1 
H1',-0B 1 +, 
H2',-0A,+ , 
H2',-05',+, 
H2",-OB 1 + l (DNA) 
02',-OA1+i (RNA) 
02',-05' 1 + 1 (RNA) 
N1,/N9,-0B1+1 
os'.-cs, 
05',-N7, 
05',-C5, 
05',-N6, 
05',-H62, 
05',-C2, 
05',-N3, 
H5',-H8, 
H5',-C4, 
H5',-C6, 
H5',-H61, 
Ηδ',-ΝΙ, 
H5',-H2, 
H5",-C8, 
H5",-N7, 
H5",-C5, 
H5VN6, 
H5",-H62, 
H5".-C2, 
H5",-N3, 
involved 
H5',-P1 +i 
— 
-
05',-0B, + 1 
H5',-0A1 + 1 
H5'.-05' I + 1 
H5", 0 B 1 + 1 
P.-OB1 + 1 
— 
H4', 0B, + 1 
04',-0A 1 + 1 
04 , . -05 ' 1 + 1 
Cl'.-OB.L 
ΗΓ,-ΟΑ,+1 
ΗΓ,-05 ' 1 + 1 
H2',-0B 1 + 1 
H2",-0A,+ 1 (DNA) 
H2", 0 5 ' 1 + 1 (DNA) 
02',-OB,+ 1 (RNA) 
N1./N9.-OA.+, 
N I , / N 9 , - 0 5 \ + 1 
05\-H8, 
05\-C4, 
05',-Сб, 
05',-НбІ, 
05' . -NI, 
05',-H2, 
Н5',-С8, 
H5',-N7, 
Н5',-С5, 
H5',-N6, 
Н5',-Н62, 
Н5',-С2, 
H5',-N3, 
Н5",-Н8, 
Н5".-С4, 
Н5",-С6, 
Н5",-Н61, 
H5VN1. 
Н5",-Н2, 
-
Tabie 3·4, continued 
Third and higher order interactions 
variable 
torsion 
angles 
7·-χ·, cytosine 
χ,-ε,, adenine 
χ,-ε,, cytosine 
fixed 
torsion 
angle(s) 
P. 
P, 
P. 
atom pairs involved 
05',-C6, 05',-H6, 
05',-C5, 05*,-H5, 
05',-C4, 05\-N4, 
05',-H41, 05',-H42, 
05',-N3, 05',-C2, 
05;,-02, 05;,-Nl, 
H5 , C6, H5 |-H6, 
H5',-C5, H5',-H5, 
H5',-C4, H5',-N4, 
H5',-H41, H5',-H42, 
H5',-N3, H5\-C2, 
Но^'.-ог, H5;,-Ni, 
H5",—C6, H5' i_H6, 
H5",-C5. H5",-H5. 
H5",-C4, H5",-N4, 
H5VH41, H5",-H42, 
H5",-N3, H5",-C2, 
H5",-02, H5",-N1, 
C8,-P,+i H8,-P,+i 
N7,-P,+ 1 C4,-P,+ 1 
C5,-P,+i C6,-P1+i 
N6,-P 1 + 1 H61.-P.+, 
H62,-P1+1 Nl ,-P 1 + 1 
C2,-P1+i H2,-P l +i 
N3,-P 1 + 1 
C6,-P1+i H6,-P1+i 
C5,-P,+i H5,-P,+ 1 
C4,-P l + 1 N4,-P 1 + 1 
H41, - P l + 1 H42,-P,+ l 
N3,-P,+ 1 C2,-P l + 1 
02,-P, + 1 Nl ,-P 1 + 1 
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Chapter 4 
The solution structure of the circular 
trinucleotide r(GpGpGp) determined by N M R 
and molecular mechanics calculation. 
Reparametrization of the Karplus-equations for the CCOP-
and HCOP-J-coupling constants. 
Abstract. 
The 3'-5' circular trinucleotide cr(GpGpGp) was studied by means of I D and 
2D high resolution NMR techniques and molecular mechanics calculations. 
Analysis of the J-couplings, obtained from the 41 and 1 3 C-NMR spectra, al­
lowed the determination of the conformation of the sugar rings and of the 
'circular' phosphate backbone. In the course of the investigations it was found 
that the Karplus-equation most recently parametrized for the ССОР J-coupling 
constants could not account for the measured J(C4'P) of 11.1 Hz and a new 
parametrization for both HCOP and ССОР coupling constants is therefore pre­
sented. 
Subsequent analysis of the coupling constants yielded 'fixed' values for the tor­
sion angles β and δ (with /3=178° and 6=139°). The value of the latter angle 
corresponds with an S-type sugar conformation. The torsion angles 7 and ε 
are involved in a rapid equilibrium in which they are converted between the 
gauche(+) and trans and between the trans and gauche(-) domain respectively. 
We show that the occurrence of ε in the gauche(-) domain necessitates S-type 
sugar conformations. Given the aforementioned values for β, η, 6 and ε the ring 
closure constraints for the ring, formed by the phosphate backbone can only be 
Mooren M.M.W., Wijmenga S.S., v.d. Marel, G.A., v. Boom, J.H. and Hilbers, C.W. 
submitted for publication 
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fulfilled if a and ζ adopt some special values. After energy minimization with 
the CHARMm force field only two combinations of α and ζ result in energet­
ically favourable structures, i.e. the combination a(t)/£(g-) in case 7 is in a 
gauche(+) and ε is in a trans conformation, and the combination a ( t ) / £ ( g + ) 
for the combination 7(t)/e(g-). 
4.1 Introduction. 
Low molecular weight nucleosides and nucleotides such as cyclic molecules in 
which the nucleotide units are connected by 3'-5' linkages, play important roles 
in many cellular functions. 
For example, the circular ribo-dinucleotides r(UpUp) and r(ApUp) are effective 
inhibitors of the DNA dependent RNA-polymerase of the bacterium Escherichia 
coli during the initiation phase of transcription [1,2]. A completely different 
activity is exhibited by the circular dinucleotide r(GpGp), which is an activator 
of the enzyme cellulose synthase in the bacterium Acetobacter xylinum [3]. 
Some structural analogs, like r( lplp), d(GpGp) and two diastereomers of the 
monophosphothioates r(Gp(S)Gp) were found to be relatively potent activators 
of the cellulose synthase as well, while closely related molecules were found to 
be only marginally stimulatory, like d(Gp)r(Gp) and cr(GpGpGp) or entirely 
devoid of stimulatory activity, like r(ApAp), r(CpCp), r(UpUp) and r (GpCp) 
[4]. The structural reason for this is not clear. Therefore we investigated the 
solution structure of the circular trinucleotide cr(GpGpGp). This molecule is 
schematized in Fig. 4-1. 
A second reason for studying cr(GpGpGp) is that such circular molecules 
contain structural elements which may enhance the understanding of fold­
ing in larger DNA and RNA molecules. To obtain the solution structure of 
cr(GpGpGp) we have employed high resolution NMR and molecular mechanics 
calculations. The most salient finding is that the ribose rings of the molecule 
adopt a pure S-conformation at the temperatures studied, contrary to what is 
usually found for this type of sugars. 
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Figure 4.1: Schematic representation of the structure of the cyclic nucleotide, 
r(GpGpGp). The ring system of the trinucleotide is closed by linking the 5'-end 
of the ñrst guanosine to the З'-end of the third. Definition of the torsion angles 
is indicated in one nucleotide and is according to the IUPAC/IUB convention 
for nucleic acids. For clearness, the sugar protons are omitted in this scheme. 
4.2 Materials and Methods. 
4.2.1 Sample Preparat ion. 
The circular trinucleotide cr(GpGpGp) was synthesized via an improved phos-
photriester method [5]. NMR samples were prepared by freeze drying the ma­
terial two times from 99.8% D 2 0 . Subsequently, 0.4 mg of the sodium form of 
freeze dried material was dissolved in 400 μ\ of a 25mM phosphate buffer in 
99.98% D 2 0 , containing I m M sodium cacodylate, yielding a I m M sample of 
the circular trinucleotide. Sodium chloride was added until the total sodium 
concentration was 0.2M. 
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4.2.2 N M R Spectroscopy. 
lD^H-NMR. spectra were recorded on a Bruker WM 200 spectrometer, equipped 
with an A S P E C T 2000 computer, and on a Bruker AM 600 spectrometer, 
equipped with an ASPECT 3000 computer, at temperatures between 278K 
and 305K. 1D- 1 3C spectra were recorded on a Bruker AM 400 spectrometer 
equipped with an ASPECT 3000 computer. In the latter experiment protons 
were broad band decoupled during acquisition, using Waltz-decoupling. 
A phase sensitive 200 MHz NOESY spectrum [6] with a spectral width of 2000 
Hz and with a mixing time of 300 ms was acquired with 2K points in the 
t 2 - and 512 points, zerofilled to IK points, in the ti-direction. Prior to Fourier 
transformation the FIDs were multiplied with a squared cosine window function 
in both directions. 
An a^-scaled double quantum filtered COSY spectrum (ωι-DQF-COSY) was 
measured on a Bruker AM 600 spectrometer using the following pulse scheme 
[7]: 
к к 
90° - -U - 180° - (1 - - ) ί ι - 90° - 90° - acquisition 
¿s ¿ι 
The degree of ωχ scaling is determined by the factor k, which was equal to 
0.5. The spectrum was acquired with a spectral width of 6000 Hz and with 
2K points in the t 2- and 512 points, zerofilled to IK points, in the ti-direction. 
Prior to Fourier transformation the FIDs were multiplied with a shifted sinebell 
window function in both directions. 
A ^ - " C hetero correlation spectrum was recorded, at a temperature of 305K, 
on a Bruker AM400 spectrometer, operating in the inverse mode [8] for a sample 
which was not enriched in 1 3 C . No decoupling took place during data aquisition. 
The spectrum was acquired with a spectral width of 4000 Hz in the t 2- and 18000 
Hz in the ti-dimension. In the experiment 1536 transients were collected for 
each of the 114 FIDs which were sampled with 2K data points. The data were 
processed with zero filling to 512 data points in the ti-dimension; Gaussian 
apodization was applied in the t2-dimension to give resolution enhancement, 
and a π/2 shifted squared sine bell window function was applied in the t i-
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4.2.3 Conformational Analaysis. 
The conformational analysis of the molecule was performed on the basis of J-
coupling constants, which were derived from the ID spectra. We first deduced 
approximate J-couplings from the experimental spectra; these experimental J-
couplings together with the chemical shifts were used as input for the Bruker 
spectrum simulation program, PANIC. The parameters were adjusted in such 
a way that optimal agreement was obtained between the experimental and 
simulated spectrum. 
The pseudorotational analysis of the sugars was performed on the basis of the 
coupling constants available for the ribose ring, using a home written computer 
program, which uses two routines. In the first routine a dataset is created of 
effective J-couplings for a large number of sugar ring conformational parame­
ters, since the ribose sugars may be considered to be in a rapid equilibrium of 
N- and S-type sugars. The effective J-couplings are the weighted average of the 
J-couplings of the pure conformers: 
3
 Τ <¡S¡ — ~ З Т ЛГ ι _ 3 τ s 
where 3J¡j e!! is the three-bond J-coupling observed between spins i and j ; 
ijv and i s are the fractions of the N- and S-type sugar and 3J, ; S¡N are the 
J-couplings of the pure conformers as calculated from the well known EOS-
Karplus equations [9]. The effective coupling constants, J(1 '2 ') , J(2 '3 ') and 
J(3'4') thus obtained for a large number of values of Рдг, P s , <i>mN, <i>ms and x
s 
are written to the database (PN and P s are the phase angles of pseudorotation 
for the N and S type sugar conformation, respectively; <f>
mN and <f>mS are the 
pucker amplitudes of the N and S type sugars; x
s
 is the fraction of sugars in the 
S-type conformation). Subsequently, a second routine tests for each entry in the 
database whether the effective J-coupling constant satisfies the experimental J-
coupling constraints. Thus, a region of allowed values for P
s
, VN etc. is found 
compatible with the experimental couplings. 
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Derivation of torsion angles from hetero-coupling constants required reparame-
trization of the Karplus equations, relating the hetero-coupling constants be­
tween hydrogen and phosphorous, J(HCOP), and between carbon and phos­
phorous, J ( C C O P ) , to the torsion angles фнсор and фссор, respectively. A 
detailed description of the derivation of the new set of Karplus equations is 
given in Appendix 4 1 . 
Energy minimization of the circular trinucleotide was carried out with version 
3.2.1 of the program Quanta (Polygen), which uses the CHARMm force field 
and runs on a Silicon Graphics Iris 4D-25G work station. A distance dependent 
dielectric constant was used to approximate the effect of solvent [10,11] on the 
molecule. The total charge of the molecule was distributed among the atoms 
using the Gasteiger method. Energy minimization, with an Adopted Basis 
Newton Raphson minimization method, was continued until the average energy 
gradient was equal to zero or until the differences between the energy values at 
each step during a cycle of minimization were less than 0.001 kJ/mole. 
4.3 Results. 
4.3.1 Interpretat ion of N M R spectra. 
In all the spectra recorded for cr(GpGpGp) only a single set of resonances is 
observed for each set of the same type of protons. From this result we may 
conclude that the sugar phosphate backbone ring has an (averaged) three-fold 
axis of symmetry. Figure 4-2A shows the different multiplets observed in the 
^ I - N M R spectrum of cr(GpGpGp), recorded at 298K. 
The spectral assignment was obtained from the connectivity pattern of a ω
χ
-
DQF-COSY spectrum, recorded at the same temperature (spectrum not shown). 
The available data did not allow us to make a stereospecific assignment for the 
H5' and H5" protons [12] and these were tentatively assigned on the assumption 
that Remin and Shugar's rule [13] applies. The ID spectra, measured between 
278 and 305K, showed that the chemical shifts as well as the coupling constants 
are independent of temperature in this range. The Ч І - 1 ! ! and ' Η - 3 1 Ρ coupling 
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Figure 4.2: Experimenta] (bottom, (A)) and simulated (top, (B)) multiplets 
of the sugar protons of cr(GpGpGp) measured at 600 MHz. The experimental 
spectrum was resolution enhanced with Gaussian multiplication before Fourier 
transformation. All the given multiplets, except the H3' multiplet have been 
recorded at 298K. The H3' multiplet is from the spectrum, recorded at 305K, 
because at room temperature the H3' proton resonates exactly at the position 
of the residual HDO peak. Because of the HDO shift the H3' multiplet becomes 
visible at higher temperatures. Although the J-coupling constants are the same 
at different temperatures, the spectrum at 298K was preferred for the other 
multiplets because of a better signal to noise ratio. 
constants necessary for a conformational analysis of the molecule, were derived 
from the 1H-spectra using an iterative simulation procedure (see Materials and 
Methods). Experimental and simulated multiplets, obtained for the spectrum 
recorded at 298K, are shown in Fig. 4-2 and the resulting J-coupling constants 
have been collected in Table 4-1. 
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coupling constant 
J(H1'H2') 
J(H2'H3') 
J(H2'P3) 
J(H3'H4') 
J(H3'P3) 
J(H4'H5') 
J(H4'H5") 
J(H4'P5) 
J(H5'P5) 
J(H5"P5) 
J(C2'P3) 
J(C3'P3) 
J(C4'P3) 
J(C4'P5) 
J(C5'P5) 
value (Hz) 
7.5 
5.6 
0.8 
1.5 
7.3 
3.9 
3.6 
1.5 
3.7 
4.0 
5.5 
5.6 
2.3 
11.1 
5.0 
Table 4.1: J-coupling constants (in Hz), obtained for cr(GpGpGp) after simu­
lation of the one-dimensional lH- and 1 3 C spectra. 
Since we were not able to make stereospecific assignments for the H5' and H5" 
protons it may be possible that the H5'P and H5"P coupling constants and/or 
the Η 4 Ή 5 ' and Η 4 Ή 5 " coupling constants have to be interchanged. 
The vicinal 1 3 C - 3 1 P coupling constants, required for a full conformational anal­
ysis, were derived from a proton-decoupled 1 3 C spectrum (not shown, results 
are listed in Table 4-1). The assignment of this 1D- 1 3C spectrum was obtained 
by means of the ' H - ^ C hetero-correlated spectrum shown in Fig.4-3. 
A UV melting experiment, carried out for cr(GpGpGp) in a temperature range 
from 278 to 350K, did not show significant changes in the observed absorption, 
even at NMR concentrations, on increasing the temperature. This indicates 
that no dimers or aggregates are formed by this molecule in accordance with 
the results obtained from the NMR experiments mentioned above. (This in 
contrast to the results obtained for the dinucleotide cd(ApAp); from UV melting 
experiments it was concluded that dimers are formed at NMR concentrations 
[14]·) 
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Figure 4.3: ^C-1!! hetero correlated spectrum of the trinucleotide at 305K. 
The assignment of the proton- and carbon resonances is indicated. In the fl-
direction the C2' resonance position was arbitrarily set to 0 ppm. 
For the determination of the torsion angle χ a NOESY spectrum was recorded. 
The cross peaks in the 200 MHz NOESY spectrum have negative and the di­
agonal peaks have positive signs (data not shown) indicating rapid rotational 
motion of the molecule which precludes spin diffusion. Quantification of the 
NOE intensities shows that the intensity of the cross peak between the H8 and 
H I ' protons is somewhat larger than that of the cross peak between H8 and 
H2', indicating that torsion angle χ is in the syn domain (vide infra). 
4.3.2 Structural Analysis. 
The structural analysis carried out for cr(GpGpGp) relies almost entirely on the 
J-couplings deduced from the NMR experiments. The first thing that stands 
out is the large J-coupling between the H I ' and H2' sugar protons (Table 4-1). 
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This indicates that the sugar rings adopt an S-type conformation (C2'-endo) 
[15], which is somewhat unusual for ribose rings. This conclusion was refined 
by means of a pseudorotational analysis of the coupling constants available for 
the sugar rings (Table 4-1), using a home-written routine (see Materials and 
Methods). It turns out that the sugar rings adopt a pure S-type conformation 
with a phase angle of pseudorotation, Ρ, equal to 154±5° and a puckering 
amplitude, ф
т
, equal to 35±1° for the whole temperature range studied. From 
these results the exocyclic torsion angle δ (C5'-C4'-C3'-03') can be derived 
leading to a value of 139±5° (Eq. 4-1, Appendix 4-2). 
The torsion angle 7 (05'-C5'-C4'-C3') was deduced from the H4'-H5' and the 
H4'-H5" proton coupling constants. These permit an estimation of the fraction 
of 7 gauche(+) conformers [16] (Eq. 4-2, Appendix 4-2). It follows that for 
cr(GpGpGp) 7 occurs in the gauche(+) domain for 62% of the time. The same 
result is obtained when the possible contributions of the three staggered con­
formations are considered. (Eqns. 4-3-5, Appendix 4-2). In these calculations 
the J-couplings for the pure gauche(+), gauche(-) and trans conformation were 
obtained by using the generalized EOS-Karplus equation [9] (Eq. 4-6, Appendix 
4-2). Considering the accuracy of the experimental data, the possible alterna­
tive assignment of the H5' and H5" resonances (which requires that the values 
of the coupling constants J(H4'H5') and J(H4'H5") are interchanged) leads to 
the same result for the fraction and the value of 7. 
The backbone torsion angle β (P-05'-C5'-C4') can be derived with the aid of the 
C4'P coupling constant, which amounts to 11.1 Hz (see Table 4-1). The most 
recently published parametrization of the Karplus equation for this coupling 
constant [17] does not account for such a large value. Therefore we derived 
improved Karplus relations of which the derivation is described in Appendix 
4 1 and β was determined in the course of the parametrization of the CCOP-
Karplus parameters (vide infra). It follows that, for the given J(C4'P) coupling 
constant, two values, namely /3=164° and /9=198° satisfy the Karplus equation. 
The measured H5'P and H5"P coupling constants (see Table 4-1) indicate that 
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/?, in addition to being in the trans domain, also adopts a /?(g+) and/or a 
/?(g-) conformation part of the time (Eqn. 4-7, Appendix 4-2). On the basis of 
Eqns. 4-8-11 (Appendix 4-2) we find that β is in the trans domain for 90-95% 
of the time with /J(t)=178°, which is nicely consistent with J (C4 'P) , taking 
into account the accuracy of the data. An interchange in the assignment of the 
H5' and H5" protons and a concomittant change of the values of J (H5 'P) and 
J(H5"P) does not change this result. In the subsequent conformational analysis 
(vide infra) only /?(t)=178° will be further considered. 
The torsion angle ε has only been observed to occur in the trans or gauche(-) 
domain; e(g+) is always forbidden because of steric hindrance (see Discussion). 
ε can be monitored by J(C4'-P3) and J(C2'-P3). When e is in a pure trans 
conformation, J(C4'-P3) is in the order of 7-11 Hz and J(C2'-P3) is small, in the 
order of 0.5-2.0 Hz, (see Fig. 4-6B) and vice versa when e is in a pure gauche(-) 
conformation. The observed J-couplings are in between the aforementioned 
values (Table 4-1), which means that ε is not conformational^ pure, or that 
it adopts a value in between the two staggered conformations. Making use of 
Eqns. 4-12-15 in Appendix 4-2 and assuming a possible error of 0.5 Hz in the 
experimental J-coupling constants, these two possibilities can be distinguished. 
We obtain a fraction f(t) of 0.7, and consequently the fraction e(g-) is 0.3, with 
e(t)=240° and e(g-)=300° . 
The torsion angles α (ОЗ'-Р-Об'-Сб') and ζ (C3'-03'-P-05') cannot be deter­
mined from NMR spectra, but can be derived mathematically [18], on the basis 
of ring closure constraints, using the values for β and 6 and the different com­
binations of torsion angles 7 and ε (vide supra, Eqns. 416-18 in Appendix 
4-2). 
Since the 'H and 1 3 C spectra of cr(GpGpGp) show only one set of resonances 
for each set of the same type of protons, the ring system has either a 'rigid' 
symmetrical conformation or it is averaged to a symmetrical conformation in 
time. We have made the analysis on the basis that the molecule is symmetric 
so that the three a- and the three ζ torsion angles each have the same value. 
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This resulted in eight combinations of phosphate backbone torsion angles for 
which a closed symmetrical 18-ring could be formed, (Table 4-2). 
Remarkably, of the four different, possible η /ε combinations always two and 
only two α/ζ combinations permit ring closure. For these eight structures, 
models were built to serve as starting conformations for energy minimization. 
The energy minimization was done in three steps. First, the torsion angles χ 
were varied in steps of 30°, subject to the condition that within a molecule each 
of the three angles were kept at equal values and for each of these χ-values 
the energy of all of the eight aforementioned structures was minimized in 300 
steps through variation of the backbone angles. In this way we obtained a 
minimum energy structure for a particular value of χ, for each of the initial 
eight combinations of the phosphate backbone torsion angles. Secondly, these 
resulting eight energy minimized structures were then subjected to a further 
minimization round until no changes in energy were detected between different 
steps. Finally, the resulting eight structures were energy minimized using an 
all-atom approach, without constraining any of the torsion angles. It turns out 
that all conformers remain approximately symmetric, except for one in which 
one of the sugar rings adopts an N-type conformation. The results, including 
the energy values of these structures, are given in Table 4-2. Ball and stick 
models of the lowest energy structures of cr(GpGpGp) are given in Fig. 4-4. 
4.4 Discussion. 
To construct the 'NMR structures', listed in Table 4·2, the torsion angles a and 
ζ had to be calculated for the different possible combinations of the backbone 
torsion angles derived from the J-couplings. This was done algebraically with 
the goniometrie rules derived by Hendrickson (Eqns. 4-16-18, Appendix 4-2; 
[18]). In these calculations the atoms are taken to be point masses. Thus, pos­
sible steric clashes leading to high, nonbonded energy terms are not accounted 
for. For example, in conformer 3 (Table 4-2), in the 18-ring the C4'-atoms give 
rise to severe steric hindrance with the C5' atoms of the neighbouring residue 
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1. NMR 
Energy 
minimization 
2. NMR 
Energy 
minimization 
3. NMR 
Energy 
minimization 
4. NMR 
Energy 
minimization 
5. NMR 
Energy 
minimization 
6. NMR 
Energy 
minimization 
7. NMR 
Energy 
minimization 
8. NMR 
Energy 
minimization 
III 
III 
III 
III 
III 
III 
III 
III 
a β 7 S ε С χ Ρ ф
т 
-13 178 53 139 -121 85 syn 
-10 -179 55 138 -122 85 -150 
-10 -179 55 138 -122 85 -150 
-10 -179 55 138 -122 85 -150 
167 178 53 139 -121 -55 syn 
164 181 51 143 -130 -51 40 157 38 
164 181 51 143 -130 -51 40 
164 181 51 143 -130 -51 40 
-59 178 53 139 -59 61 syn 
-58 -173 62 139 -68 53 31 
-71 162 66 150 -41 85 30 
-44 -176 64 127 -70 64 31 
133 178 53 139 -59 -77 syn 
139 178 57 139 -63 -74 62 
131 179 51 138 -67 -77 62 
138 179 54 118 -58 -75 59 
45 178 180 139 -121 -33 syn 
6 175 179 140 -133 -45 171 
62 156 176 97 -177 77 155 
-16 166 -174 146 -174 25 165 
-129 178 180 139 -121 111 syn 
-141 -161 173 150 -82 68 60 
-141 -161 173 150 -82 68 60 
-141 -161 173 150 -82 68 61 
170 178 180 139 -59 81 syn 
-169 177 -178 150 -75 83 40 169 38 
-170 178 -177 150 -74 82 40 
-170 178 -179 150 -74 83 41 
39 178 180 139 -59 -65 syn 
4 -175 179 150 -60 -49 29 
6 -176 178 150 -60 -48 27 
3 -174 178 151 -60 -48 31 
E 
>100 
-109 
>100 
>100 
-95 
93 
-97 
-80 
Table 4.2: Eight possible conformers of cr(GpGpGp) with backbone torsion an­
gles β, 7, 6 and ε derived from the available experimental J-coupling constants 
and α and ζ from the ring closure constraints (see text) and their final values 
obtained after energy minimization without constraints, using an all-atom ap­
proach. I, II and III denote the first, second and third guanine residue of the 
ring, respectively. 
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Figure 4.4: Energy minimized structures obtained for cr(GpGpGp). A. Ball 
stick model of structure 2 from Table 4-2. B. idem for structure 7 from Table 
4-2. 
on the 3' side. As we will explain in further detail elsewhere, this clash only 
occurs for the specific combination of values adopted by the intervening torsion 
angles in this particular isomer. Similar observations can be made for conform-
ers 1, 4 and 6. All of these structures are excluded from further considerations 
because their final total energy was highly positive as a result of the sum of 
several unfavourable interactions in the total energy function. 
The remaining conformers have structures which are energetically acceptable. 
In the NMR spectra only one set of resonances is seen for each type of protons. 
This either means that cr(GpGpGp) has a threefold symmetrical structure or 
that there is rapid interconversion between different conformers, symmetrical 
or asymmetrical, giving rise to an averaged symmetrical structure. In fact 
rapid interconversion between different conformers does take place since we 
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have found that 7 and ε and by inference also a and ζ do not occur in a single, 
staggered conformation. The 'NMR structures' (Table 4-2) were derived based 
on the assumption that cr(GpGpGp) is symmetrical and the question arises 
whether we should have considered asymmetric starting structures as well. It 
follows from the energy minimizations, however, that the symmetric structures 
may give rise to asymmetric ones, sometimes with a low energy, e.g. conformer 
5 (Table 4-2). This particular result is at variance with the NMR data in that N-
type sugars are present in this conformer. Prom a comparison of its energy with 
that of the lowest energy conformer (2 in Table 4·2), we estimate that conformer 
5 constitutes a minor fraction so that its presence cannot be ruled out because, 
practically speaking, it does not influence the NMR parameters. For the same 
reason the influence of conformer 8 may be disregarded. The two remaining 
conformers (2 and 7 in Table 4-2) correspond to the major and minor isomers, 
i.e. the lowest energy conformer is the major compound. Both are symmetrical, 
their backbone angles are close to those of the NMR starting structure and the 
glycosidic torsion angle is in the syn domain. All torsion angles fall within 
the normal, energetically allowed regions [19], thus no unfavourable stress is 
induced in the course of the ring formation. In fact the backbone torsion angles 
of conformer 2 are not very different from those in B-DNA, except for a which 
falls in the trans instead of the normal gauche(-) domain and ε which has shifted 
somewhat away from the trans domain. Apparently, this change is sufficient to 
achieve ring closure for the 18-membered ring. 
In the minor component (structure 7), 7 is in the trans and ε in the gauche(-) 
domain and as a result a is in the trans and ζ in the gauche(+) domain. It 
can be seen in the ball and stick model of these conformers (Fig. 4-4) that the 
lowest energy conformer, 2, is more compact than conformer 7. In conformer 
2 the guanine bases are in an axial position with respect to the 18-membered 
ring, while in 7 they are in a pseudo equatorial position. In both conformations 
the guanine amino groups are in a position to form a hydrogen bond with the 
phosphate group in the backbone, which is in correspondence with the NMR 
results (H8-H1' cross peaks were more intense than H8-H2' cross peaks) which 
158 Chapter 4 
r(GpGpGp) 
ATCCTA-TTTA-TAGGAT 
T(7)-T(8) 
CG°C-TA-GCG 
°C(3)-T(4) 
GGAC-UUCG-GUCC 
U(5)-U(6) 
GC-CG(C/T)A-GC 
C(2)-C(3) 
C(3)-C(4) 
tRNA™« 
U(33)-Gm(34) 
tRNA P A e 
V>(55)-C(56) 
tRNA^'P 
U(33)-G(34) 
Ρ 
S 
s 
s 
s 
s 
s 
N 
N 
N 
ε 
t 
t 
t 
t 
t 
t 
t 
t 
t 
С 
g(-) 
g(-) 
g(-) 
g(-) 
g(-) 
g(-) 
g(-) 
g(-) 
g(-) 
a ß 7 
g(+) 
g(+) 
g(+) 
g(+) 
g(+) 
g(+) 
g(+) 
g(+) 
g(+) 
Ρ 
S 
s 
s 
s 
s 
s 
N 
N 
N 
reference 
this work 
[12] 
[21] 
[22,23] 
[24] 
[24] 
[25] 
[25] 
[26] 
Table 4.3: Several combinations of torsion angles as found in hairpin loops and 
tRNA, compared with the torsion angle values as found for the two energetically 
most favourable structures of cr(GpGpGp). For the sugar pucker not an exact 
value but only the S- or N-type is indicated, for the other torsion angles only one 
of the three staggered conformations gauche(+), (g(+)), trans (t) or gauche(-) 
(g(-)) i s ëiven-
indicated that the guanine bases are in a syn orientation. It also followed from 
the molecular mechanics calculations discussed above, i.e. x(syn) is 10 kJ /mole 
more favourable than x(anti). All this is in line with results seen in other 
systems [20]. 
The folding pat tern found in structure 2, i.e. the combination of torsion angles 
between two adjacent sugar base moieties has been observed in a number of 
hairpins where sharp turns in the structure are induced by standard nucleoside 
geometry combined with non-helical torsion angles [12,21-26]. In Table 4-3 
known examples are listed. 
We mention explicitely the situation in the anticodon- and the TV· C-loop in 
tRNA [25,26] where the same combination of torsion angles has been observed 
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except that the sugars retain an N-conformation in contrast to the circular 
trinucleotide. We shall elaborate on this point in one of the following sections. 
4.4.1 Comparison with earlier work on c d ( A p A p ) . 
Our earlier investigations on the circular dinucleotide cd(ApAp) demonstrated 
that at low temperature (a¡5°C) the molecule occurs in a single conformation in 
which the deoxyribose rings adopt a pure N-type conformation [14]. In a parallel 
X-ray diffraction study of this compound the same structure was obtained [27]. 
The preferred state for deoxyribose sugars is, however, the S-type conformation 
and it turns out that in the lowest energy state of cd(ApAp) the N-pucker is 
imposed by ring closure constraints (vide infra). We were therefore surprized 
to find that in cr(GpGpGp), with the larger 18-ring system, the ribose sugar 
is forced into the S-conformation which is unfavourable for riboses. Moreover, 
within the range considered, the chemical shifts and J-couplings of cr(GpGpGp) 
are independent of temperature, leading to the result that the riboses stay S-
puckered yet at the same time a, 7, ε and ζ jump between different staggered 
conformations (vide supra). Thus we find a mixture of rapidly interconverting 
conformations for cr(GpGpGp), of which the fractions do not change in the 
temperature range studied, and a single conformation for cd(ApAp) which is 
sensitive to temperature changes, i.e. changes in chemical shifts and J-couplings 
are observed with increasing temperature. UV experiments, conducted to gain 
a better insight in these temperature dependent changes of the NMR parame­
ters, showed that cd(ApAp) is involved in a novel type of stacking interaction 
in which, in the dimer formed by two cd(ApAp) molecules, the bases intercalate 
without being involved in basepairing. After disruption of the dimer structure 
the N-pucker may switch to a S-pucker but not necessarily so [14]. For the circu­
lar r (GpGpGp), NMR as well as UV melting experiments provide no indication 
for complex formation, neither for dimer, nor for higher order complexes. 
Because the 12-membered ring of cd(ApAp) and the 18-membered ring of 
cr(GpGpGp) have to be closed and the values of all the torsion angles, ex­
cept those of a and ζ are known, the possible combinations of values for a 
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and С have been calculated with the aid of Eqns. 416-18 from Appendix 4-2. 
From these calculations it followed for a symmetrical dinucleotide that for S-
type sugar conformations, perfect ring closure could only be achieved if torsion 
angle e is in a gauche(-) conformation. If ε is in a trans conformation, which is 
the case for cd(ApAp) at low temperatures, then the sugars have to be N-type 
to achieve ring closure in a symmetrical 12-ring. Only at higher temperatures 
when the dimer structure is disrupted the N-pucker may switch to a S-pucker. 
As required, a concomitant change of the backbone torsion angle ε from the 
trans to the gauche(-) domain has been observed [14]. The results are different 
for a symmetrical 18-membered ring. For an N- as well as an S-type sugar 
conformation, the ring can be closed for all values of torsion angles 7 and ε, 
although in the case of N-type sugars the values of torsion angles a or ζ in 
almost all cases are in an eclipsed range. If S-type sugar conformations are 
present this always gives rise to two possible combinations of a and ζ values 
with both torsion angles in one of the staggered conformations. 
4.4.2 Ribose sugars with S-type conformation. 
Ribose sugars with an S-conformation are relatively rare. They are known to 
occur in somewhat unusual structures [22,23,25,26,28,29] in RNA hairpin loops 
or at intercalation sites where the spacing between adjacent bases is doubled. 
Very often the presence of an S-type ribose sugar is accompanied by a change 
of e(t) —> e(g-). In the circular trinucleotide studied here, ε is not fixed; a 
rapid equilibrium is observed between ε(240°) and ε(300β), with ε being in the 
gauche(-) domain for « 3 5 % of the time. This corresponds to the transformation 
from conformer 2 to 7. The latter being present in a much higher concentration 
than estimated on the basis of the Boltzmann distribution. Surprizingly, the 
riboses remain, however, S-puckered all the time, while their lowest energy 
state is the N-pucker [30]. There may be different reasons for this behaviour. 
In the major conformer the syn-orientation of the guanine bases can be held 
responsible, i.e. the occurrence of N-type sugars is not allowed sterically for 
a purine nucleotide in which 7 is in a gauche(-t-) conformation and χ is in a 
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syn orientation. Furthermore, for the resulting hydrogen bonding of the amino 
groups to the phosphate groups (in both conformers) an S-puckered sugar is 
preferred above an N-pucker. As has been pointed out in the above such a 
conformation contributes a favourable energy term of about 10 kJ/mole. 
When the sugar is in an S-type conformation an 'unhindered' transition from 
e(240°) to e gauche(-) may take place leading to a favourable entropy contribu­
tion to the free energy. It is noted here that an e gauche(-) conformation can 
only occur in combination with an S-puckered sugar. This has been suggested 
earlier by several authors [17,31,32] on the basis of avalaible crystal structure 
and NMR data. It follows however unequivocally from a Ramachandran-type 
plot of Ρ versus ε (see Fig. 4-5); e cannot adopt gauche(-) values when the 
sugar has an N-conformation, because of severe steric hindrance between the 
hydrogen atom H5"(i) at the 5'-side and the oxygen atom O A ( i + l ) connected 
to the phosphorous atom at the З'-side of the sugar ring. 
In Fig. 4-5D this situation is indicated for chosen values of 7 and ζ. (Details are 
given in the Figure captions.) Changing these values does not alter the picture 
although other atoms are involved in the steric hindrance. 
Other reasons for the stabilization of the S-puckered riboses in the circular 
trinucleotide may be thought of. For instance it is known that a water mediated 
hydrogen bond between the 0 2 ' atom and the З'-phosphate may contribute to 
the stability of RNA. Model building shows that the trinucletotide can take 
advantage of this interaction but because of its cyclic nature the hydrogen 
bonds can only be formed for S-type sugars. 
Parallel studies on the circular molecule d(ApApAp) [33] show that in this 
molecule, with deoxyribose instead of ribose sugars, an equilibrium exists be­
tween N- and S-type sugars. Because of the lack of the possibility to form 
the mentioned hydrogen bond, as is possible in RNA, the sugar pucker in this 
molecule is allowed to be flexible. 
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4 .4 .3 Compar i son with the biologically active molecule c r ( G p G p ) . 
Circular r (GpGp) is a regulator of the biological synthesis of cellulose in the bac-
terium Acetobacter xylinum. It has been proposed that its biological function 
is associated with its ability to bind to the membrane-bound cellulose synthase 
[34]. The propensity of the cyclic dinucleotides to form self-intercalated dimers 
has suggested that these molecules may also bind other planar aromatic com-
pounds. An intercalated dimer structure is not formed by the symmetrical 
circular trinucleotide cr(GpGpGp). This was deduced from a UV-melting ex-
periment, although we cannot rule out the possibility of the formation of low 
concentrations of dimers for the molecules which could adopt an asymmetrical 
phosphate backbone conformation. Be it as it may, the present observations 
are in agreement with the hypothesis of Liaw et al. [34] that molecules which 
stimulate cellulose synthesis in Acetobacter xylinum do this by forming an in-
tercalative complex with the aromatic side chains of cellulose synthase. Relative 
to cr(GpGp), ccr(GpGpGp) activates this enzyme only to a few percent which 
is in line with the present data that its tendency to form intercalative com-
plexes is very low. The feasiblity to form intercalative complexes is, however, 
not sufficient to activate the enzyme. The structural studies, performed for 
cd(ApAp) have shown that this molecule is perfectly able to do so, yet it does 
not show any stimulating activity in cellulose synthesis. Thus, also the nature 
of the bases seems very important. 
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Figure 4.5: A. Steric contour diagram for the allowed and disallowed com­
binations of the torsion angle ε and the phase angle of pseudorotation for a 
mononucleotide. The puckerings amplitude was kept fixed at a value of 35". 
In the construction of the plot only the steric hindrance between atom pairs, 
separated by four chemical bonds is taken into account. In a first approxima­
tion contour plots were constructed for those atom pairs, for which the distance 
of separation between the atoms depends only on the sugar pucker and the 
torsion angle ε. These pairs include the following atoms: CI '(і)-Р(і+1), HI '(i)-
P(i+1), H2'(i)-P(i+1), 02'(i)-P(i+l), C3'(i)-P(i+1), H4'(i)-P(i+1), 04'(i)-
P(i+1), C5'(i)-P(i+1). 
it 1 i 1 
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Figure 4.5: continued. The distances of closest approach were derived from 
reí. [35] except for the atom pairs including a phosphorous atom, which were 
derived from the data given in [36] by subtracting 0.2Â to get an outer limit. 
The zones shade by (//) show the regions, forbidden on sterical grounds. 
B. The same correlation plot as in 5A, but in addition atom pairs separated by 
five chemical bonds are taken into account. It is assumed that torsion angle 
7=60°. The following atom pairs are included: H5'(i)-P(i+1), H5"(i)-P(i+1), 
05'(i)-P(i+l). The zone shaded by (//) is the same as that given in Fig. 4-5A 
on basis of second order interactions; the zone, shaded by (\\) is excluded be-
cause of steric hindrance between the newly introduced atom pairs. 
C. The same type of correlation plot as given in Fig. 4-5B, but now the 
torsion angle ζ, instead of 7, has a known, fixed value of -60°. This 
value was chosen because cr(GpGpGp) adopts a C(g-) conformation in one 
of the lowest energy structures. The atom pairs involved in the calculations 
are: C5'(i)-05'(i+l), C5'(i)-OA(i+l), C5'(i)-OB(i+l), H4'(i)-05'(i+l), H4'(i)-
OA(i+l), H4'(i)-OB(i+l), 04'(i)-05'(i+l), 04'(i)-OA(i+l), 04'(i)-OB(i+l), 
Cl'(i)-05'(i+l), СГ(і)-ОА(і+1), Cl'(i)-OB(i+l), HV(i)-05'(i+l), Hl'(i)-
OA(i-hl), Hl'(i)-OB(i-hl), H2'(i)-05'(i+l), H2'(i)-OA(i+l), H2'(i)-OB(i+l), 
02'(i)-05'(i+l), 02'(i)-OA(i+l) and 02'(i)-OB(i+l). 
D. Plot of the correlation of torsion angle ε with the sugar pucker. Atom 
pairs, separated by six chemical bonds were taken into account by fixing tor­
sion angle 7 to 60° and ζ to -60°. The atom pairs for which distances have 
been calculated are: Н5'(і)-05'(і+1), H5'(i)-OA(i+l), Н5'(і)-ОВ(і+1), H5"(i)-
05'(i+l), H5"(i)-OA(i+l), H5"(i)-OB(i+l), 05'(i)-05?(i+l), 05'(i)-OA(i+l) 
and 05'(i)-OB(i+l). The zone shaded by (//) is sterically not allowed be­
cause of the second and/or third order interactions as plotted in 5A-C; the 
zone, shaded by (\\) is excluded because of steric hindrance between sets of 
the above mentioned newly introduced atom pairs. From this Figure it is clear 
that ε gauche(-) conformations are sterically allowed for S-type sugars, but are 
forbidden for N-type sugars. 
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Appendix 4 1 . 
Reparametr izat ion of the Karplus equations relating the H C O P and 
С С О Р J-coupling constants t o torsion angles. 
A prerequisite for the interpretation of ' H - 3 1 ? and 1 3 C - 3 1 P coupling constants 
in terms of torsion angles is the availibility of reliable parameters in the ap­
plied Karplus equations. Sofar, several parametrizations have been used in the 
literature [37-42], for the following type of equations: 
3Jccop = A cos2(<t>) + В cos((t>) + С 
3JHCOP = D cos2(4>) + E со$(ф) + F 
The latest values for A,B etc. were deduced by Lankhorst et al. [17]. How­
ever, their parametrization cannot account for the carbon phosphorous coupling 
constant of 11.1 Hz measured for cr(GpGpGp). Neither can the observation, 
made earlier in our laboratory, for carbon-phosphorous coupling constants in 
the circular dinucleotide cd(ApAp), (J(C4'P5) and J(C4'P3)), which amounted 
to 10.9 Hz, be accounted for. 
This is demonstrated in Figs. 4-6A and В where the J-couplings J(HCOP)- and 
J ( C C O P ) are plotted as a function of the corresponding torsion angles. 
The new J-coupling data obtained for cd(ApAp) [14] as well as the experimental 
C4'P5 coupling constant obtained for cr(GpGpGp) show the inadequacy of the 
calculated relationship. 
In order to derive a reliable Karplus parametrization the number of calibration 
points has to be as large as possible. As a starting point we used all but 
one of the data points used by Lankhorst et al. [17], i.e. we did not use the 
extrapolated value for the ß(trans) conformation of J(C4'P)=10.9Hz which was 
assumed to correspond to a carbon-phosphorous torsion angle of 180°. We did 
not want to use this value, because small deviations may already influence 
the parametrization. The measured J-coupling constants and its corresponding 
unknown torsion angles as derived from [17] are given in Table 4-4. It may 
be clear that it is desirable to have at least one calibration point in the 0-60° 
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range, according to the derivation of the Karplus parameters. Unfortunately, 
a directly measured coupling constant in this range is, to our knowledge, not 
available. Only an indirectly estimated 1 3 C - 3 1 P coupling constant of 0.7 Hz 
about a torsion angle of 60° [17] is included in the dataset. 
From the data obtained for the circular dinucleotide cd(ApAp) [14] we used 
the coupling constants J(C4'P5) and J(C4'P3) and its corresponding known 
torsion angles β and ε as input for the reparametrization as well as a set of H-
P coupling constants, namely J(H3'P), J(H5'P) and J(H5"P) at two different 
temperatures. 
At this point ten carbon-phosphorous and seven proton-phosphorous coupling 
constants of pure conformers have been taken from Lankhorst et al. [17], 
whereby five of the torsion angle values corresponding to these coupling con­
stants are unknown and token as such in the calculations. Two carbon-phospho­
rous and six proton-phosphorous coupling constants are from Blommers et al. 
[14], whereby the values of the corresponding torsion angles are known from 
NMR and X-ray data (see Table 4-4). 
From the work described here one carbon-phosphorous coupling constant has 
been derived; the value for the corresponding torsion angle β is unknown (see 
Table 4-4). The H5'P and H5"P coupling constants derived for cr(GpGpGp) 
could not be used, because we were not able to make stereospecific assignments 
for the H5' and the H5" signals; neither could the C2'P3 nor the НЗ'РЗ coupling 
constant of cr(GpGpGp) be employed for the reparametrization, because they 
do not correspond to a pure conformational state (vide supra). 
This results in a total of 26 calibration points (see Table 4·4) on the basis of 
which two three-parameter Karplus equations and the unknown magnitudes of 
six torsion angles (five torsion angles from the compounds of Lankhorst and 
torsion angle β from cr(GpGpGp)) could be derived. 
This has been achieved by a least squares optimization routine using a conju­
gate gradient minimization method. The resulting parameters are given in the 
following equations: 
3JCCOP = 8.0 cos2(4>) - 3.4 co&{4>) + 0.5 
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3JHCOP = 15.3 cos\<f>) - 6.2 cos(<f>) + 1.5 
Plots of these equations (Eqns. 4-19-22 in Appendix 4-2), as afunction of torsion 
angle φ, are shown in Figs. 4-6A and В together with the 26 experimental 
calibration points. The fit is excellent as can be seen in Table 4-4. 
It is noted in passing that in the 0-60° region only one estimated calibration 
point for the carbon-phosphorous Karplus equation was available and the re­
liability in this region is therefore less than that of the remaining part of the 
curve. 
It is mentioned that the difference between the previous proton-phosphorous 
Karplus equation and the new one is only very small. 
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l(HI') (H/.) J(CI') (H/.) 
120 180 240 
tornimi angle (deg) torsion uigle (deg) 
Figure 4.6: A. HCOP Karplus function as derived by Lankhorst (· · ·) and as 
derived in this paper (—). The points indicated by (+) are the original data 
points used by Lankhorst [17]. The data points indicated with a square are 
values as derived by NMR and X-ray diffraction studies [14,27] for the circular 
dinucleotide d(ApAp). 
В. ССОР Karplus function as derived by Lankhorst (• · ·) and the one derived in 
this paper (—). The experimental values used for the parametrization are indi­
cated. The points given by (+) are the original points used by Lankhorst and 
the data points indicated with a square are the values derived for the circular 
dinucleotide d(ApAp). The exact value of the torsion angle β, correspond­
ing to the C4'P5 coupling constant of cr(GpGpGp) was unknown before the 
reparametrization. The (x) denotes the fìnal possible values β may adopt, as 
determined during the parametrization. 
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Coupling constant 
C2'-P3 
C2'-P3 
C2'-P3 
C2'-P3 
C4'-P3 
C4'-P3 
C4'-P3 
C4'-P3 
C4'-P3 
C-P 
C-P (60°) 
C4'-P5 
C4'-P5 
H3'-P 
H3'-P 
H3'-P 
H3'-P 
НЗ'-Р 
НЗ'-Р 
H5'-P 
Н5'-Р 
Н5"-Р 
Н5"-Р 
Н-Р (174°) 
Н-Р (66°) 
Н-Р (60°) 
Input 
J оЬз 
(Hz) 
1.8 [17] 
1.3 [17] 
0.7 [17] 
2.1 [17] 
7.8 [17] 
7.9 [17] 
8.1 [17] 
6.0 [17] 
10.9 [14] 
10.9 [17] 
0.7 [17] 
10.9 [14] 
11.1 [Δ] 
9.4 [17] 
8.9 [17] 
8.6 [17] 
9.8 [17] 
5.8 [14] 
6.3 [14] 
0.4 [14] 
0.7 [14] 
5.8 [14] 
5.4 [14] 
22.8 [17] 
1.4 [17] 
2.5 [17] 
torsion angle 
С) 
ФІ-120 
(¿2-120 
03-120 
04-120 
0ι 
Φι 
Фъ 
ΦΑ 
202 
Фь 
60 
196 
Фе 
0!+12Ο 
02+120 
03+120 
04+120 
316 
322 
76 
76 
322 
316 
174 
66 
60 
Output 
Jeole 
(Hz) 
1.4 
1.2 
0.9 
2.3 
7.5 
8.0 
8.3 
6.3 
10.5 
10.9 
0.7 
11.1 
11.1 
9.4 
9.1 
8.7 
10.1 
6.1 
6.1 
0.9 
0.9 
6.1 
5.0 
22.7 
1.6 
2.3 
torsion angle 
C) 
101 
99 
96 
108 
221 
219 
217 
228 
202 о 
198/162 
60 · 
196 о 
196/164 
341 
339 
336 
348 
316 о 
322 о 
76 о 
76 о 
322 о 
316 о 
174 * 
66 * 
60 * 
J ca¡c~**obs 
(Hz) 
-0.4 
-0.1 
+0.2 
+0.2 
-0.3 
+0.1 
+0.2 
+0.3 
-0.4 
0.0 
0.0 
+0.2 
0.0 
0.0 
+0.2 
+0.1 
+0.3 
+0.3 
-0.2 
+0.5 
+0.2 
+0.3 
-0.4 
-0.1 
+0.2 
-0.2 
Table 4.4: In- and output of the reparametrization of the HCOP- and ССОР 
Karplus equations (Eqns. 4-20-21, Appendix 4-2). A comparison is made be­
tween the measured J-coupling constants, 3
obs, and the J-coupling constants as 
calculated from the newly parametrized Karplus equations, Jca¡c. The torsion 
angles marked by and asterix (') were kept fixed during the optimization and 
were first introduced in [17]. The torsion angles marked by (o), which were de-
termined for cd(ApAp) by NMR as well as X-ray studies [14,27], were also kept 
fixed during optimization. Δ indicates the value of the torsion angle derived in 
this work for the title compound. 
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A p p e n d i x 4-2 
6 = 120.6 +l.l<j>mcos(P+ 145.2) (4.1) 
(13.75 — JHVHV — ¿Н4'нь··) 
10.05 
(4.2) 
JHVHV = *,+./н4<Я5<(53 + 120°) + і4./я4<Я5<(178 + 120е) + 
* , - . / J Ï 4 < H S < ( 3 0 0 + 1 2 0 O ) (4.3) 
JHA'HS" = 2Í+JW4'WS"(53°) + г(^Я4'Я5"(178°)+ 
*,-./»«<«• (300·) (4.4) 
x 7 ,+ + x y + x7»- = 1 (4.5) 
3JHH = Ρ
ι
οοί
2
φ+Ρ2εο3φ+Ρ3 + ΣΑχ,(Ρ4 + Ρ5€θ32(ξ,φ + Ρ6\Δ.χ,\)) (4.6) 
Δ χ , = Δ χ
ι α
 - ΡγΣχί,β 
(25.5 - JHS'P - J Ην ρ) , . _ч 
Xßiran
'
 =
 2^5 ( 4 · 7 ) 
JHVP = i ,+J H 5 'p(60 - 120°) + χ, J„5-p(^ - 120°) + 
х,-^н я ( 3 0 0 - 1 2 0 ° ) (4.8) 
JHVP = x,+JW 5..p(60 + 120°) + XtJHi"p(ß + 120·) + 
х^^-Изоо + іго·) (4.9) 
• W e = X î+ic4'P5(60O) + XfJc4^5(/3)+X,-^C4'P5(300O) (4.10) 
Xßt+ + Xß> + Χβι- = 1 (4-11) 
JCVP* = х<^с4'Рз(е') + *«-^с4'Рз(е*~) (4.12) 
J
crP3 = XtJcvp^ie' + 120o) + x i _Jc2'P3(e , - + 120°) (4.13) 
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JHVPZ = XtJitvnit? -120 о ) + х,_/яз'Рз(е""-120 0 ) (4.14) 
x
c
, + x„. = 1 (4.15) 
x
n
 - ¿n-i - xn-iCos(en_2) - yn-isin(en-2)cos(un_3) + 
2„_1S¿n(tfn_2)5¿7l(w„_3) (4·!6) 
Уп = Ζ
η
_,6ίη(ο
η
_2)-Ϊ/„_ι0Ο3(ο„_2)ΰΟ5(ω
η
_3) + 
z„_icos(0„_2).si7i(u>n_3) (4.17) 
Zn - íín-i-sm(wn_3) + г„_іСоз(и„_3) (4.18) 
J**
op = 6.9cos
2(</>) - 3Acos(4>) + 0.7 (4.19) 
/ ; ' ¿ O P = 15.3cos2(<?!>)-6.1c<«(0)+1.6 (4.20) 
Jc'cop = 8-0cos2(4>) - 3.4со5(0) + 0.5 (4.21) 
^нс = 15.3co52(¿)-6.2cos(<¿)+1.5 (4.22) 
Equations used in the conformational analysis of cr(GpGpGp). The parameters 
used have the following meaning: x: mole fraction, J: J-coupling constant, g+: 
gauche(+), t: trans, g-: gauche(-), φ: torsion angle, P1,P2,...,P7: constants in 
the proton-proton Karplus equation, Αχ,: Δ χ ( ι α : Δ χ , ^ : фт: puckerings am­
plitude, Ρ: phase angle of pseudorotation, x„: x-coordinate of the nih atom in 
a chain, idem for y
n
, z
n
, d: distance between two atoms, Θ: bond angle, ω: 
torsion angle. 
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Chapter ö 
Polypurine/polypyrimidine hairpins form a 
triple helix s t ructure at low pH. 
Abstract. 
ID and 2D NMR investigations of the 15 residue deoxynucleotide sequence 
d(TCTCTC-TTT-GAGAGA) show that above pH=6.5 the molecule adopts 
a B-form hairpin conformation. As the pH is lowered below 6.5 molecules 
progressively associate in pairs to form a partially triple helical, partially single 
stranded structure in which the bases of the oligopyrimidine d(TC) 3 tract from 
one molecule form Hoogsteen pairs with the d(GA)3 tract of the other. Imino 
protons of protonated cytosines can be observed at very low field (ss 15 ppm). 
The enthalpy of triplex formation was estimated by NMR techniques to be -16 
kcal mol - 1 . Intense H6 to H3' cross peaks from residues in all three strands 
suggest the presence of N-type sugars at some but not at all possible sites. 
Surprisingly strong cross peaks between H5' or H5" and non-exchangeable base 
protons are also observed. These suggest that certain of the 05 ' -C5' -C4' -C3' 
phosphate backbone torsion angles (7) are unusual. 
5.1 Introduction. 
Polypurine/polypyrimidine tracts are abundant components of most eukaryotic 
genomes where they frequently bracket structural genes. In some cases these 
sequences may have regulatory functions [1]. An unexpected feature of these 
Margret M.W. Mooren, David E. Pulleyblank, Sybren S. Wijmenga, Marcel J.J. Blommers 
and Cornells W. Hilbers Nuci. Acids Res. 18 (1990) 6523-6529. 
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tracts is their unusual sensitivity to SI (and related) nucleases. This sensitivity 
suggested that they may exist in a partially single stranded state. Other work 
has shown the nuclease sensitivity in these sequences to be a consequence of 
structural transitions from the B-form to protonated forms under the low pH 
conditions typically used for Sl-nuclease reaction [2,3]. In the special case of 
t racts of poly d G
n
d C
n
 a non-protonated SI sensitive form has also been found 
[4]. Anomalies in the electrophoretic mobilities of supercoiled plasmids show 
that these transitions result in unwinding of these sequences [2,3,5-9]. In super-
coiled plasmids interplay between unwinding torsion and pH allow protonated 
nuclease sensitive states to persist under neutral pH conditions, suggesting that 
the protonated structures may have functional significance in living cells. 
Two general classes of models have been proposed for the protonated nucle­
ase sensitive state of the polypurine/polypyrimidine tracts. Pulleyblank et al. 
[3,10] attr ibuted the Si nuclease sensitivity to alterations in the sugar-phosphate 
backbone torsion angles necessary to accomodate protonated G-CH+ Hoogsteen 
pairs in a double helix which also contained A T Watson-Crick pairs. In a sec­
ond model (H-DNA), [9,11,12] it was proposed that a triplex forms by folding 
the tract at its center so that the polypyrimidine strand from one half forms 
Hoogsteen pairs with the purine strand of the opposite half of the tract. In 
this model the half of the d(G A)„ strand not involved in the triplex is unpaired 
and is therefore sensitive to Sl-nuclease. Because polypurine/polypyrimidine 
polymers had previously been shown to form triplexes readily [13-15] the " H " -
model did not require the introduction of a new form of DNA helical structure. 
Although several recent reports have provided experimental support for the 
Η-model in individual cases of protonated polypurine tracts [16,17] patterns 
of nuclease and chemical reactivity observed in some tracts have been difficult 
to reconcile with this model [10,18,19]. These results suggest that Sl-nuclease 
sensitivity of nucleic acid structures depends on complex criteria and that the 
enzyme may cleave some nucleic acids which are not single stranded but which 
have unusual torsion angles in the backbone of the helix. In some cases more 
than one protonated form of a single plasmid insert can be observed by 2D gel 
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electrophoresis [9,10] These observations suggested that the effective cross-links 
between strands at the ends of an embedded polypurine/polypyrimidine tract 
in plasmids might sufficiently stabilize a protonated duplex structure that it 
could compete with strand disproportionation to a triple helical structure. 
While chemical and enzymatic probes do not provide sufficient information to 
unambiguously determine detailed molecular structure other techniques such 
as X-ray diffraction and nuclear magnetic resonance (NMR) which are able 
to provide more detailed structural information, are necessarily restricted to 
relatively small model systems. In this paper we have investigated the be-
haviour of homopurine/homopyrimidine hairpin oligonucleotides as a function 
of pH. Hairpin loop structures have been object of numerous investigations. 
The cross-link between the complementary strands provided by the loop stabi-
lizes the paired duplex by as much as 55°C, thereby allowing relatively small 
molecules to be studied in the duplex state. The cross-link is also analogous 
to the effective cross-link at the ends of polypurine/polypyrimidine sequences 
embedded in plasmids. 
5.2 Materials and Methods. 
Homopurine/homopyrimidine synthetic oligonucleotides were purchased in de-
blocked form from "Synthetic Genetics", La Jolla, California. Purity was 
checked by electrophoresis on 20% Polyacrylamide gels. 
For spectrophotometric analysis DNA-samples were dissolved in 1 ml of a mix-
ture of 0.05M sodiumacetate with 0.05M sodiumcacodylate (extinction of 0.8 
at 260 nm). 
In the spectrophotometric experiments temperature control was achieved by 
circulating water from a cryothermostat (Mettler, WKS), first through a ther-
mostated cell holder and then through the jacket of the cell. 
In most NMR experiments DNA concentrations were about 2 mM in 0.1 M 
sodium deuteroacetate in water or deuterium oxide adjusted to the pH/pD 
indicated by addition of deuteroacetic acid. In the dilution experiments, the 
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initial oligonucleotide concentrations were about 12 mM. For these experiments 
samples were prepared by dialysing DNA stock solutions against 0.1 M sodium 
deuteroacetate buffer pH=5.5 (meter-reading) in water for 24 hours, using a 
Spectra РогЗ (3000 MW cutoff) dialysis membrane. 
ID-proton spectra were recorded at 5.5 °C, 14.0 °C, 21.2 °C and 29.2 °C. Sample 
concentrations were adjusted by addition of dialysis buffer. 
The 400- and 600 MHz Ή NMR ID and 2D spectra were recorded on Bruker 
AM400 and AM600 spectrometers respectively, which were interfaced to an 
Aspect 3000 computer. 
Spectra were accumulated with a time shared long pulse [20] (8K data points); 
prior to Fourier transformation the spectra were zerofilled to 16K data points 
and apodized with Lorentz-Gauss window functions. 
Phase-sensitive 400 MHz NOESY spectra of the water sample were recorded 
at 297K with a time-shared long pulse as observation pulse [20]. The spectral 
width was 16000 Hz; the carrier was placed at the low-field end of the spectrum. 
The spectrum was acquired with 4K points in the t 2 direction and 512 points, 
zerofilled to IK points, in the ti direction, with a mixing time of 0.3 s. Before 
Fourier-transformation each free induction decay was subjected to data shift 
accumulation; apodization in the t2-direction took place by applying a Lorentz-
Gauss filter function and in the ^-direction by applying a squared sinebell 
function phase shifted by 60°. 
The 600 MHz MINSY spectrum [21] of the D 2 0 sample was recorded at 297K 
with a mixing time of 0.3 s. The spectral width was 6000 Hz. The spec­
trum was acquired with 2K data points in the t2-direction and 370 data points, 
zerofilled to IK points, in the ti-direction. Before Fourier transformation a 
squared sine bell function phase shifted by 90°was applied in the t2-direction 
and phase shifted by 60"in the t,-direction. The region of the spectrum con­
taining the H2',H2" resonances was completely saturated during the mixing 
time and residual HDO was suppressed by replacing the last 90°pulse with a 
11 spin-echo pulse sequence [22]. 
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5.3 Results and Discussion. 
5.3.1 Formation of a triplex hairpin structure. 
A family of eleven partially complementary homopurine/homopyrimidine syn-
thetic oligonucleotides was screened for their ability to form hairpin structures 
at neutral pH and protonated structures at low pH. Two of these oligonu-
cleotides were chosen for detailed study because of the relative simplicity of the 
imino proton spectra of their low pH forms. The results obtained for one of 
these molecules, d5 ' (TCTCTC-TTT-GAGAGA)3\ designated " T 3 " , are dis-
cussed in detail. UV melting studies gave a concentration independent T m 
for this oligonucleotide of 63 "C at pH=8.0. The concentration independence 
of the melting temperature was retained at NMR concentrations above 2mM. 
These results establish that the NMR spectra obtained under neutral to slightly 
alkaline pH conditions represent the hairpin form of the molecule [23,24]. 
ID imino proton spectra obtained for T3 at pH=4 and at pH=8 both at a tem-
perature of 294K are shown in Fig. 5-1. Assignment of the spectrum recorded 
at pH=8 was achieved via standard procedures i.e. by utilizing NOESY spectra 
recorded for H 2 0 solutions. At pH=8 the imino protons of the A T Watson-
Crick base pairs resonate near 14 ppm, while those of G C base pairs resonate 
near 13 ppm, as indicated in Fig. 5·1. 
The low pH spectrum is considerably more complex than that obtained at 
pH=8 . Several new imino proton resonances appear, while those of the struc-
ture dominant at pH=8 become less intense. This change in the spectrum 
reveals the appearance of a new protonated form of this oligonucleotide at low 
pH. In the range of 15-17 ppm one strong new resonance appears; in addition 
some very weak and broad resonances are seen (see also Fig. 5-2). The very 
low field position (15-17 ppm) of these new resonances suggests that they arise 
from the imino protons of protonated cytosines. Amino proton resonances near 
9 and 10 ppm are also consistent with the presence of protonated cytosines [25-
27] (vide infra). New resonances between 12.5 and 13 ppm suggest that normal 
Watson-Crick G-C pairs are also present in the structure(s). Possible expia-
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Figure 5.1: 600 MHz lH NMR spectra of d5'TCTCTC-TTT-GAGAGA3' (T3) 
in 95% H20/5% D20 at 294 K; 2mM of T3 was dissolved in 0.1 M sodium 
deuteroacetate. (A) pH=8 (B) pH=4.5. Base numbering corresponds to that 
in Fig. 5-3. 
nations for the occurrence of both protonated and non-protonated cytosines in 
the low pH form of this molecule are illustrated in Fig. 5-3. In the first (Fig. 
5-3A) two hairpin molecules interact so that the pyrimidine strand of one binds 
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Figure 5.2: lD^H-NMR spectra of T3 at pH=5.5 at different concentrations 
and temperatures. Sample concentrations were 12mM (А, В and C), 4mM 
(D, E and F) and І.ЗтМ (G, H and I) respectively. The spectra shown were 
measured at 14.WC ((A), (D) and (G)). at 21.2Г С ((B), (E) and (H)) and at 
29.2Ό ((C), (F) and (I)). Solutions were prepared as described in "Materials 
and Methods". Spectra were acquired with a sweep width of 32000 Hz, 8K data 
points and 128 acquisitions. All spectra were zerofilled to 16K and multiplied 
by a Lorentz-Gauss filter function prior to Fourier-transformation. Assignments 
of imino proton peaks from the triplex and duplex forms are given in Fig. 51. 
in the major groove of the other to form a partially triple helical, partially sin­
gle stranded structure. In the second model the G-C base pairs in the hairpin 
are protonated. In Fig. 5-3B two extreme situations are indicated, i.e. non-
protonated and completely protonated hairpins, however intermediate states 
are conceivable as well and would be necessary to explain Fig. 5 1 B . Since in 
the second the reaction is unimolecular with respect to oligonucleotide while 
in the first it is bimolecular these possibilities can be distinguished by a dilu­
tion experiment. Spectra were recorded at constant pH for a series of different 
temperatures and at different DNA concentrations. The results are collated in 
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Figure 5.3: Two classes of models for the Sl-nuclease sensitive states of the 
polypurine/polypyrimidine sequences applied to the T3 hairpin oligonucleotide. 
In the hairpin analogue of the Η-DNA model shown in (ЗА) a triple helix forms 
between two different hairpin molecules through denaturation of one of the 
two molecules. Sl-nuclease hypersensitivity of pyrimidine strands associated 
with the triplex may be the result of unusual backbone torsion angles. In (3B) 
Hoogsteen base pairs are present in the same duplex structure as Watson-Crick 
pairs. In this model Sl-nuclease hypersensitivity is proposed to arise because of 
unusual backbone torsion angles required to fit the relatively narrow Hoogsteen 
pair between Watson-Crick pairs. Numbering of both Watson-Crick paired and 
Hoogsteen paired bases of the triplex are indicated. (3C) shows the C· G- CH+ 
and Τ·Α·Τ base triads found in triple helical structures. 
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Fig. 5-2. Comparison of the spectra (e.g. 2A, D and G) shows that the signals 
characteristic of the low pH form (cf. Fig. 5-1) diminish in intensity and are 
replaced by the signals characteristic of the high pH form upon dilution of the 
sample. The concentration dependence of the spectra under iso-ionic/thermal 
conditions shows that formation of the protonated structure requires the par­
ticipation of more than one molecule of oligonucleotide. The result therefore 
eliminate model IB as the dominant low pH form of T3 . Since, even at the 
highest dilution, there was no evidence for a monomeric protonated form it is 
unlikely that structures of the type shown in Fig. 5-3B are stable at the given 
pH. Analysis of selected parts of the NOESY spectra of T3 presented in Figs. 
5-4A and В show that the low pH form is formed through interaction of two 
molecules as illustrated in Fig. 5-3A. Complete description of the assignments, 
together with more detailed structural analysis will be published elsewhere. 
Sequential assignments of the NOESY spectra in H 2 0 and D 2 0 were made using 
cross peaks from both the imino region (12.5-16 ppm) and the aromatic/amino 
proton region (6.8-10 ppm). The six cytosine H5-H6 cross peaks shown in Fig. 
5-4B were particularly valuable in the assignment process. These cross peaks 
were identified as belonging to cytosines on the basis of their presence as strong 
cross peaks in a double quantum filtered COSY spectrum (not shown). We note 
in passing that assignments will only be discussed in sofar as they are important 
to demonstrate the existence of the triple helical region. Cross peaks between 
the CH5 (and via spin diffusion CH6) to cytosine amino protons in the 7-8 ppm 
range or the 9-10 ppm range identified the CH5/CH6 pairs as belonging to 
either non-protonated or protonated cytosines respectively. Other cross peaks 
from the cytosine amino protons to exchangeable imino protons as well as to 
non exchangeable aromatic protons were used in the sequential assignment. 
The protonated cytosines of C G C H + base triads shown in Fig. 5-3C contribute 
imino proton resonances near 15-16 ppm. These are connected to individual 
cytosine H5-H6 resonances via spin diffusion through the amino proton res­
onances. The non-protonated cytosines give rise to amino proton resonances 
near 7 and 8.2 ppm. Guanines in Watson-Crick base pairs generate imino 
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Figure 5.4: Expanded regions of a 400 MHz 1H-NOESY spectrum of the low 
pH form of T3. Bases are numbered as in Fig. 5-3. 
(A): Region corresponding to cross peaks between ¡mino and HI ', aromatic and 
amino protons. 
A triple helix at low pH 185 
Figure 5.4: continued. (B): Region corresponding to cross peaks between amino 
and aromatic resonances and HI ', aromatic and amino resonances. NOE cross 
peaks from the Watson-Crick pyrimidine paired strand to the Hoogsteen paired 
strand provide definite evidence for the formation of a triplex as described in the 
text. From the purine strand cross peaks can be seen to the Watson-Crick base 
paired pyrimidine strand as well as to the Hoogsteen base paired pyrimidine 
strand, which gives an extra indication of a triple helical conformation. 
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proton resonances near 13 ppm. Short interatomic distances between the gua­
nine imino proton and the non-protonated cytosine amino protons result in the 
strong cross peaks shown in Fig. 5-4A. The strong cross peak observed between 
the H8 proton of G12 at 7.3 ppm and the imino proton of protonated C19 at 
15.3 ppm directly establishes the presence of a Hoogsteen dCH+-dG pair in the 
complex. Similarly, a strong NOE between the imino proton of T20 and the 
H8 proton of A13 establishes the presence of a Hoogsteen A T pair. Relatively 
weak cross peaks between the amino protons of the non-protonated C4 and 
protonated C19 in Fig. 5-4B establish the interaction of Wat son-Crick C G and 
Hoogsteen C H + G pairs as predicted for C G C H + base triads illustrated in Fig. 
5-3C. 
Imino proton resonances from protonated cytosines other than that of C19, 
i.e. those of C17 and C21, are observed in the region 15-17 ppm (cf. Figs. 
5 1 and 5-2), but are very broad and of a very low amplitude. As a result 
no connectivities of these downfield shifted positions (marked 17 and 21) are 
expected. However, the downfield shifted positions of the amino protons and 
the connectivities, albeit weak, of the 17NH2 to the 6NH2 resonances and from 
the 21NH2 to the 2NH2 resonances do show that base triples are formed for 
these residues. Further evidence for the protonated structure being triple helical 
comes from the imino protons of the thymines. Watson-Crick paired thymines of 
the T· Α-T base triad illustrated in Fig. 5-3C contribute imino proton resonances 
near 14.3 ppm, as shown below. NOE's from the imino proton of thymine 
18 to the amino protons of adenine 11 which also has NOE's to the imino 
proton of the Watson-Crick paired thymine 5 establish the presence of both 
Watson-Crick and Hoogsteen paired thymines. Strong cross peaks (not shown) 
between the imino protons of Watson-Crick paired thymines and the imino 
protons of Watson-Crick paired guanines show them to be stacked in the same 
helix. Other strong NOE's such as those found between the amino protons of 
non-protonated cytosines 2 and 4 and the imino protons of the adjacent Watson-
Crick paired thymines 3 and 5 confirm this conclusion. Since the imino proton 
of Hoogsteen paired thymine 18 has strong NOE's to the amino protons of 
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protonated cytosines 17 and 19 and the imino proton of Hoogsteen base paired 
thymine 20 has strong NOE's to the amino protons of protonated cytosines 
19 and 21, Hoogsteen paired thymines are stacked above and below Hoogsteen 
paired cytosines. 
5.3.2 T h e r m o d y n a m i c and structural aspects . 
The observation reported here that two hairpin molecules readily associate to 
form a bimolecular complex was surprising. For the bimolecular triplexes to 
form, one of the stable hairpin molecules involved has to unfold. Triple helical 
structures formed by combining a strand of poly(A) or poly d(A) with two 
strands of poly(U) or poly d(T) have been known since 1965 [28,29] and triple 
helices containing G C - C H + triads and I-C-CH+ triads shortly thereafter [30,31]. 
To our knowledge, only in the case of the combination of poly(A) with two 
strands of poly(U) there have been extensive thermodynamic studies. The 
experiments of Krakauer and Sturtevant [28] and Ross and Scruggs [29] showed 
that for the reaction 
2A„U n ^ An-2U„ + A„ 
the enthalpy for triple helix formation per base triad amounts to +3.5 kcal 
mole - 1 , and therefore formation of this triplex from two existing duplexes was 
unlikely. 
To obtain more insight into the process of triplex formation from two stable 
hairpins we recorded ID NMR spectra as a function of temperature at constant 
pH and concentration. These spectra show that upon raising the temperature, 
triple stranded molecules returned to the monomeric duplex form (cf. Fig. 
5-1). The enthalpy of the transition from duplex to triplex can be obtained 
from the ratio (q) of duplex to triplex calculated from the relative intensities of 
imino proton resonances from the two forms present in the mixture. Consider 
the reaction from duplex (D) molecules to form a single triplex (T), which in 
the case of oligonucleotide T3 also involves the binding of three protons ( # + ) : 
2£> + З Я + ^ Г (5.1) 
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Figure 5.5: Plot oflnK
eq against 1/T. 
The equilibrium constant Ktq of this reaction can be written as 
K
«
 =
 [і?]г[я+]» ( 5 · 2 ) 
With the known pH of the sample, the total DNA-concentration [DNA]tota¡, 
(\DNA]10ta, = [D] + 2[T]) and the ratio duplex/triplex, q, (q = [D]/[T]) deter-
mined from the NMR spectra by integrating the peaks belonging to each form, 
the equilibrium constant Keq can be calculated: 
5 + 2 
К
ея
 = (5.3) 
qi[H+]3[DNÄ\t0tal 
Plotting ln((q + 2)/q2) against ln\DNA\otal will yield a straight line with 
an intercept equal to In Kn + 3/п[Я+] from which In Keq can be derived. 
Subsequently, the reaction enthalpy can be derived by means of the Van 't 
Hoff-equation: 
dlnK., -AH 
-ЖІТ
 =
 " Л "
 ( 5
·
4 ) 
In Fig. 5·5, In Kti is plotted against 1/T from which it can be derived that 
AH = -16 ± 3 kcal mole - 1 . Since six base triplets are present in the complex 
the mean net transition enthalpy per base triad is -2.7 kcal m o l e - 1 . 
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Before the bimolecular complex of T3 can form one of the two hairpins must 
denature. The transition enthalpy for the latter reaction is estimated to be 32.4 
kcal m o l e - 1 [32]. Together with the experimentally determined enthalpy value 
of-16 kcal m o l e - 1 for the reaction 2D + 3H + F ^ Τ the enthalpy of triplex for­
mation from a hairpin duplex and a single stranded pyrimidine oligonucleotide 
was calculated to be -48.4 kcal mole - 1 . It is clear that this triplex molecule is 
energetically much more favourable than the two separate hairpin structures. 
This is also reflected in the free enthalpy of reaction, AG, for formation of the 
triple helix T3 . For the reaction 2D + 3H + ^ Τ the equilibriumconstant, K
e i , 
is known for several temperatures and it follows (using AG = -RT In Keç) 
that AG = -24 kcal mole - 1 at 294K. Since the free enthalpy change of opening 
the hairpin into its single stranded state is calculated to be 8 kcal mole - 1 [32], 
we find that A G = -32 kcal mole - 1 for the reaction of one open hairpin with 
one closed hairpin to yield a triplex. The entropy change, AS, is then equal to 
-55.8 cal mole - 1 K - 1 . As a result, the mean entropy per base triplet will amount 
to -9.3 cal mole - 1 K - 1 basetriplet - 1 . Using these results and those previously 
obtained for hairpin formation by Breslauer [32] it is possible to estimate the 
free enthalpies of intra and intermolecular triplex formation for a wide variety 
of oligonucleotides. For short oligonucleotides it can be shown that the reac-
tion leading to intermolecular triplex formation is usually more favourable than 
refolding the molecule to an intramolecular triplex. 
Existing structural information about triple helices comes from fibre diffrac-
tion studies of a d(A)„d(T)„d(T)„ and a d(A)„d(U)„d(U)„ system [13], and 
from the NMR-studies of triple helices formed by d(GA)„ and d(TC) n oligonu-
cleotides [25,26], by the 11-mers d(CTCCCTCTTCC), d(GAGGGAGAAGG) 
and d(CTCCCTCTTCC) and by the 7-mers d(CCTCTTC), d(GGAGAAG) 
and d(CCTCTTC) [27]. 
Rajagopal L· Feigon reported that in the triple helix d(GA)4-d(TC)4-d(TC)4 
both homopyrimidine strands have N-type sugars close to the СЗ'-endo con­
formation while residues of the purine strand have S-type sugar conformations 
[26]. This proposal was based on the observation of NOE crosspeaks between 
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all H6 resonances of the pyrimidines and one or more H3' resonances, which is 
expected for DNA with N-type sugar conformations. De los Santos et al. pro-
posed that the oligopurine strand of the 11-mer triplex has an A-type of helical 
stack. This conclusion was based on the observation that the H8 protons of the 
adenine bases resonate approximately 1 ppm upfield of their usual position in 
a B-type helix as predicted by ring current calculations. 
We also find that N-type sugar conformations are mixed in in the triple helical 
complex formed by the T3-oligonucleotide. Strong cross peaks in the NOESY 
spectra are observed between the aromatic protons and the H3' protons (also 
for short mixing times). Direct cross peaks between these protons are predicted 
for N-type but not for S-type deoxyribose residues. However, since the short 
interatomic distance between aromatic protons and H2'or H2" protons create 
facile spin diffusion pathways between aromatic and H3' protons it is important 
to distinguish between direct and indirect transfer when making structural as-
signments on basis of H3' to aromatic proton cross peaks. Therefore, MINSY 
spectra were obtained for the low pH T3 complex at a series of different mixing 
times. Saturation of the H2' and H2" resonances during the mixing time of 
the MINSY experiment inactivates the spin diffusion pathways from aromatic 
to H3' protons via H2' and H2" protons [21]. Part of the MINSY spectrum 
is shown in Fig. 5-6. Several aromatic to H3' proton cross peaks which are 
observed in the NOESY spectra remain intense in the MINSY experiment. 
Therefore aromatic-H3' proton NOE's observed in the NOESY spectra are due 
to direct interaction between these protons as predicted for deoxyribose with 
N-type sugar conformations. These effects are present in all three strands of 
the protonated dimeric form of T3 (see assignments in Fig. 5-6). It appears 
probable that the differences between our results and those of Rajagopal and 
Feigon and de los Santos et al. are the result of strain in the triple helical stem 
structure of the T3 oligonucleotide caused by the relatively small three residue 
loop which is present in this complex but is not present in the linear triplexes 
studied by the others. Unusual folding of residues in the T3 loop is indicated 
by a number of strong NOE's in the NOESY spectra involving methyl protons 
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Figure 5.6: Expanded region of a 600 MHz 1H-MINSY spectrum of the low pH 
form of T3, dissolved in 0.1Msodium deuteroacetate in D?0. The region shown 
is the one in which cross peaks are found between the H3', H4', H5' or H5" 
resonances and the aromatic proton resonances. N-type sugars are present in 
several parts of the triplex as wittnessed by the strong NOE's between H3' and 
aromatic protons. For three aromatic protons which have strong cross peaks 
to H3' protons which lie in different strands of the triplex, the assignment is 
indicated. Strong NOE's between H5' (or H5") and aromatic proton resonances 
which are of about the same intensity as the aforementioned H6/H8-H3' cross 
peaks indicate that some phosphate backbone torsion angles adopt unusual 
values. 
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of the thymines. 
An additional surprising feature of the low pH NOESY and MINSY spectra of 
the T 3 oligonucleotide are several strong cross peaks between aromatic proton­
and H5'- or H5"- resonances of sugar residues as is shown in Fig. 5-6. These 
peaks are present in MINSY spectra recorded with short mixing times and 
are therefore predominantly due to direct interaction between H5' or H5" and 
the aromatic proton spins. In both A and В forms of DNA where the 0-C5'-
C4'C3 ' (7) torsion angle is in the gauche(+) range the H5' and H5" protons are 
too distant from the aromatic protons for direct NOE's to be observed. Even 
if one makes allowance for spin diffusion (mixing time 0.3s), in normal A-type 
DNA the cross peaks between the aromatic H6/H8 and the H5'/H5" resonances 
remain appreciably smaller than that between H8/H6 and H3' resonances. The 
presence of strong cross peaks between aromatic and H5' or H5" protons in 
the low pH T 3 spectra with intensities approaching those of the H8/H6-H3' 
cross peaks therefore suggest that in these residues the 7 torsion angle is either 
gauche(-) or trans. 
The differences between the observations reported here and those of Rajagopal 
and Feigon and de los Santos et al. suggest that protonated triple helices formed 
by d(T,C)„ and d(G,A)„ oligonucleotides should be considered to be a family of 
related but distinct structures which can vary in response to local strain, rather 
than as a single structure with a unique set of backbone torsion angles. 
As noted in the introduction the outstanding feature of the low pH "H-forms" 
of polypurine/polypyrimidine sequences embedded in plasmids is their sensitiv­
ity to Sl-nuclease. Although this nuclease is usually regarded as being specific 
for single stranded nucleic acids, sites of cleavage are found in those parts of 
the polypyrimidine strands which would have to participate in the triple helices 
of " H " structures. Reactivity profiles are extremely variable among different 
plasmid inserts of apparently similar polypurine/polypyrimidine sequences al­
though they are reproducible for single plasmids. A possible reason for both 
the appearance and extreme variability of the Sl-nuclease sensitive sites in the 
pyrimidine strands of triplex structures is that highly individual strains at the 
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foldback and base ends of Η-form triple helices alter the distribution of un­
usual 7 torsion angles. Although no crystal structure is available for a single 
strand specific endonuclease of the class represented by Sl-nuclease, there are 
strong reasons for believing that an unusual torsion angle 7 is likely to play a 
role in its mode of phosphodiester bond recognition. Neither base nor H2' sub­
stituent on the sugar play an important role in the recognition of cleavage sites 
by members of the SI class of enzymes. Therefore the key determinants which 
permit strand cleavage by Sl-nuclease are restricted to the relatively small part 
of the phosphodiester backbone which includes the 7 torsion angle. Within 
helical structures other potentially important torsion angles (α, β, £, e and ζ) 
are either restricted by steric factors to narrow ranges (β, S, e) or are strongly 
dependent on 7 (α, ζ). The sugar pucker determined by the δ torsion angle 
is also unlikely to be the key determinant since Sl-nuclease cleaves both DNA 
and RNA. In RNA a СЗ'-endo conformation is preferred (6 « 85°) whereas in 
DNA a C2'-endo conformation (6 и 130°) is preferred. 
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Chapter Ö 
The solution structure of the hairpin formed 
by d(TCTCTC-TTT-GAGAGA). 
Abstract. 
The 15 residue oligonucleotide d(TCTCTC-TTT-GAGAGA) forms a hairpin 
structure with a loop of three thymidine residues at neutral pH or above. The 
three dimensional solution structure of this oligonucleotide has been determined 
by means of two dimensional nuclear magnetic resonance methods. Interpro-
ton distance constraints derived from NOEs, in combination with torsion angle 
constraints obtained from J-coupling constants were used in the variable target 
function program DIANA to derive the hairpin structure. It was found that 
hairpins with two different loop conformations fit the NMR data, i.e. an equi-
librium between these two conformational states can only fully explain the NOE 
data available. In one state loop residue T7 is turned into the minor groove, 
while in the second state residue T8 is in the minor groove. In both conforma-
tions the phosphate backbone changes its direction by 180° between residues 
T9 and G10. Concomitantly, torsion angles ζ of T9 and α of G10 both adopt a 
gauche(+) conformation and 7 of residue G10 adopts a trans conformation to 
induce this complete change in the direction of the backbone. 
Margret M.W. Mooren, David E. Pulleyblank, Sybren S. Wijmenga and Cornells W. 
Hilbers, manuscript in preparation 
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6.1 Introduction. 
The fundamental structural unit in higher order, three-dimensional, nucleic acid 
structures is formed by hairpins consisting of a stem-loop region. For a number 
of years these units have been the subject of physicochemical studies and by 
now it is well established that their stability depends on the length as well as 
the nucleotide sequence of the loop region. Several attempts have been made to 
explain this variation in stability in terms of the conformation of the loop region, 
given of course identical stems. Sofar, most structural studies were confined to 
hairpins with an even number of nucleotides in the loop region among which 
studies on four-membered loops predominated. In our laboratory elaborate 
studies were performed on DNA hairpins with four-membered loops. These 
investigations demonstrated that for certain loop sequences base pairs can be 
formed between the first and the last base of the loop region. An example is 
provided by the hairpin formed by d(ATCCTA-TTTA-TAGGAT) in which a 
T-A Hoogsteen base pair is formed between the first and last base of the loop 
[1]· 
In this paper our studies are extended to a hairpin with an odd-membered 
loop formed by the sequence d(TCTCT-TTT-GAGAGA). The stem of this 
hairpin consists of complementary homopurine and homopyrimidine strands. 
Such strands are widely dispersed components of most eukaryotic genomes [2]. 
In some cases they may have regulatory functions [3], by e.g. playing a role 
in chromosome folding [4] and recombination [5]. These tracts show an un-
usual sensitivity to SI and related single strand specific nucleases at the low 
pH conditions where these enzymes are active [6,7] as well as to superhelical 
stress. The hairpin studied here may serve as a model of the conformational 
behaviour of such homopurine-homopyrimidine tracts. It was shown earlier by 
means of one- and two dimensional !H-NMR that at neutral or slightly alkaline 
pH conditions the hairpin form of the molecule d(TCTCTC-TTT-GAGAGA) 
predominates, while at low pH two hairpin molecules interact so as to form a 
partially triple helical and partially single stranded structure [8]. Thus, it is in-
teresting to derive more detailed and quantitative structural information for the 
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loop region of d(TCTCTC-TTT-GAGAGA), at these different pH conditions. 
Here we consider the hairpin formed at pH=8. The availability of a detailed 
solution structure of d(TCTCTC-TTT-GAGAGA) also allows for a comparison 
with results, obtained for the hairpins with even numbered loops studied so far 
[1,9-12]. 
6.2 Materials and Methods. 
6.2.1 E x p e r i m e n t a l . 
The oligonucleotide d(TCTCTC-TTT-GAGAGA) was purchased in deblocked 
form from "Synthetic Genetics", La Jolla, California. Purity was checked by 
electrophoresis on 20% Polyacrylamide gels. 
NMR samples were prepared by dissolving the threefold lyophilized oligonu-
cleotide to a concentration of 2 mM in a solution containing 0.1 M sodium 
deuteroacetate in water or deuteriumoxide. The pH/pD was adjusted to p H / p D 
= 8.0 (meter reading) by addition of deuteroacetic acid. 'H-NMR spectra of the 
sample dissolved in D 2 0 were recorded at a temperature of 298 K, at 400 MHz 
on a Bruker AM-400 spectrometer, interfaced to an ASPECT 3000 computer. 
Phase sensitive two-dimensional spectra were obtained using time-proportional 
phase incrementation [13]. NOESY spectra [14] were measured with a spec-
tral width of 4000 Hz, using mixing times of 80, 150, 300 and 700 ms. The 
spectra were acquired with 2K points in the t2-direction and 512 points in 
the ^-direction. The time domain data in the ti-direction were zerofilled to 
IK points. Prior to Fourier transformation the spectra were apodized with a 
Lorentz-Gauss window function in the t2-direction and with a shifted squared 
sine bell window function in the ti-direction. A 600 MHz NOESY spectrum of 
the sample, dissolved in water, was recorded at 283 K, using a time shared long 
pulse as observation pulse [15]. The spectral width was 31250 Hz; the carrier 
was placed at the low field end of the spectrum. The spectrum was acquired 
with 4K points in the indirection and 512 points, zerofilled to IK points, in the 
ti-direction; the mixing time was 400 ms. Before Fourier transformation each 
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free induction decay was subjected to data shift accumulation. Furthermore, a 
400 MHz, double quantum-filtered correlation spectrum (DQF-COSY) [16] was 
recorded with a spectral width of 4000 Hz, and was acquired with 512 points in 
the ti-direction and 2K points in the t2-direction. The time domain data were 
zerofilled in both directions to IK and 4K, respectively, and were multiplied 
with shifted sine bell functions before Fourier transformation. 
6.2.2 Conformational Analysis. 
The conformational analysis of the hairpin was performed according to the 
following procedure. The conformation of each sugar residue was determined 
using the experimentally derived J-couplings, J(1'2') and J(1'2") and the sums 
of J-couplings: 
Σ 1 ' = J(1'2') + J(1 '2"), 
Σ 2 ' = J(1'2') + J(2'2") + J(2'3') 
Σ 2 " = J(1 '2") -(- J(2'2") + J(2"3') 
which served as the input for the computer program MARC [1], developed to 
perform a conformational analysis of the deoxyribose conformation. Where pos­
sible the J-couplings J(1'2') and J(1'2") were derived through the simulation of 
the ID spectrum, using the Bruker program PANIC. For the remaining residues, 
sums of J-couplings were estimated from the multiplet patterns in the recorded 
DQF-COSY spectrum. The precision of the latter data was low, because of the 
limited digital resolution. 
Interproton distances were calculated with the computer program N 0 2 D I [17], 
which needs the intensities of the NOESY cross peaks as input. These were 
determined by means of the integration routine running on a Bruker X32 com­
puter. Integration was performed for the NOESY spectra recorded with mixing 
times of 75, 150 and 300 ms. The N02DI algorithm first generates socalled 
'zeroth order' estimates for the distances, which are obtained from the NOEs 
by using the expression: n„&=C/r6
a
» in which η„» denotes the intensity of the 
N O E cross peak between the resonances of protons a and Ь, С is a scaling factor 
and т
а
ь is the distance between protons a and b. From these data a relaxation 
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matrix is constructed to simulate an NOE spectrum. Subsequently, a better es­
timate for the distance i
ab is obtained, via an iterative procedure, by comparing 
the measured with the calculated NOEs. In this procedure distances belonging 
to the most intense NOEs are optimized first, because for these distances spin 
diffusion is relatively unimportant. The N02DI calculations were performed for 
a resonance frequency of 400 MHz and using a rotation correlation time r
e
= 1 . 8 
ns which was estimated with the aid of the Stokes-Einstein equation [18]. The 
NOE intensities belonging to the H5-H6 proton pair of the cytosines were used 
to determine the scaling factor C. 
From the intra-residue cross peak intensities and the distances calculated with 
N 0 2 D I for the proton pairs H6/H8- ΗΓ/Η2'/Η2", the glycosidic torsion an­
gle, χ, could be derived. Information about the backbone torsion angle 7 was 
obtained from combined NOE and J-coupling data, i.e. the dependence of the 
1 H- 1 H coupling constants J(4'5') and J(4'5") and the ' H - 1 ! ! distances of the 
pairs H3'-H5', H3'-H5", H4'-H5' and H4'-H5" on torsion angle 7 served to es­
timate the value of 7 [1]. The torsion angles β and ε were determined from 
hetero-nuclear J-coupling constants (vide infra). 
On the basis of the available NMR constraints the hairpin structure was derived 
by means of the variable target function distance geometry algorithm DIANA 
[19]. It proved necessary to change too large bond angles in the program li­
brary, e.g. the angle C4'-C3'-03', which was 116.5° in the original DIANA 
dataset was changed to 109.3° in the new library. Furthermore, the original 
DIANA algorithm was adapted in our laboratory by Dr. F.J.M. van de Ven to 
incorporate variable sugar puckers; in the original DIANA program the sugar 
puckers are kept fixed during the calculations. The calculations were performed 
on a CONVEX-C120 computer. Upper- and lower distance bounds, as derived 
from the interproton distances calculated with N02DI and the domains esti­
mated for the torsion angles were taken as input for DIANA. Lower bounds 
were taken equal to the distances derived from N 0 2 D I diminished by 10%; to 
calculate upper bounds 20% was added to the N 0 2 D I distances. In the first 
step 100 structures were calculated. The input included 24 lower and upper 
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distance constraints for the loop and 120 lower and upper distance constraints 
for the stem. It is noted in passing that in order to obtain a regular helix for 
the stem, in addition to the experimental constraints standard B-type distance 
constraints [20] and torsion angle domains [21] were added. These included 30 
hydrogen bond constraints for the six base pairs in the stem; in addition for each 
base pair the C l ' - C l ' and the N1-N9 distances were constrained [21] to ensure 
planarity of the base pairs. Furthermore, for the total molecule 93 dihedral an-
gle constraints and stereospecific assignments for 20 out of the total of 30 CH2 
groups (H2' /H2") and (H5'/H5") were added. For each conformation the tar-
get function was minimized at levels 0 to 14, whereby minimization at level 14 
was done three times. (The "minimization level" is 0 if exclusively intraresidual 
distance constraints are considered, 1 if in addition nearest neihgbour sequen-
tial distance constraints are included, 2 if next nearest neigbours are included 
etc.) The weighting factors for the upper and lower distance limits were set 
to 1.0 and the weighting factor for dihedral angle constraints was set to 5.0. 
For levels 0 to 13 and for the first minimization step at level 14 the weighting 
factor for the van der Waals constraints was 0.5; for the second minimization 
step at level 14 it was increased to 1.0 and for the final minimization step at 
level 14 to 2.0. For the minimization levels 1 to 13 and for the first step at level 
14 the maximal number of target function calculations was set to 100, for the 
last two steps at level 14 it was set to 200. The coordinates of the five DIANA 
structures with the lowest target functions were taken as input for the program 
CORMA [22], which calculates the dipole-dipole relaxation matrix for a sys-
tem of protons and converts that into a NOESY spectrum. These calculations 
showed that for the calculated DIANA structures short inter-proton distances 
are generated for proton pairs for which no experimental NOE cross peak was 
observed, even in NOESY spectra with long mixing times. The absence of an 
NOE cross peak could either mean that the distance between the protons of the 
pair is >4A or that local motion quenches the NOE intensities. If a number of 
other intra- or inter-residue NOEs, involving the mentioned protons contradict 
local motion, it was assumed that the absence of the aforementioned NOE cross 
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peak was due to a long internuclear distance. Then, for these atom pairs the 
lower distance constraint was set to 4A and DIANA was run again. Subsequent 
cycles of DIANA and CORMA were carried out until agreement between the 
simulated and experimental NOE spectrum was achieved. In the last DIANA 
run 400 structures were calculated. 
Restrained energy minimizations were carried out on a Silicon Graphics Iris 4D-
25G work station, using version 3.2.1 of the program Quanta (Polygen), which 
uses the CHARMm force field. A distance dependent dielectric constant was 
used. 1000 steps of energy minimization were performed with the Adopted Basis 
Newton Raphson minimization method. Dihedral- and distance constraints had 
the form of a pseudo-square-well potential. 
6.3 Results. 
6.3.1 S p e c t r u m interpretation. 
Exchangeable protons. 
The oligonucleotide studied in this paper forms a hairpin with an odd-numbered 
loop. To investigate whether it is a three or a five-membered loop, imino proton 
spectra were measured at different temperatures, which are shown in Fig. 6 1 . 
Assignment of the resonances was based on a two dimensional NOE spectrum 
of a sample, dissolved in H 2 0 (data not shown). The peak, belonging to the 
terminal base pair is missing, most likely because of fraying effects. One very 
broad peak of low intensity is seen around 10.5 ppm at 287K, which belongs 
to the imino protons of the unpaired residues in the loop region. At higher 
temperature this peak broadens beyond detection. From these spectra it could 
be concluded that the loop consists of three thymidine residues. 
UV melting experiments performed at different concentrations up to NMR con­
ditions resulted in a concentration independent melting temperature of 63° 
demonstrating that the NMR experiments are concerned with hairpin behaviour. 
Furthermore the UV experiments yielded ΔΗ-values for the hairpin to coil tran­
sition which are in good agreement with the expected values when it is assumed 
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Figure 6.1: 600 MHz imino proton spectrum of the hairpin formed by 
d(TCTCTC-TTT-GAGAGA) at pH=8, recorded at 287K (A), 294K (B) and 
302K (C). 
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that the hairpin loop consists of three residues (see Chapter 5). 
Non-exchangeable protons. 
The non-exchangeable base and sugar ring protons of the hairpin were assigned 
by analysis of the NOESY spectra, recorded in D 2 0 . Standard sequential as­
signment procedures are available, relying on networks of short proton-proton 
distances [23-25]. An expanded contour plot of part of the 300 ms NOESY 
spectrum of d(TCTCTC-TTT-GAGAGA) is plotted in Fig. 6-2. In this plot 
connectivities are established between the base protons on one hand and the 
sugar H I ' and cytidine H5 protons on the other hand. Starting with the H6-H1' 
cross peak for residue T l , the ring H6 and sugar H I ' proton resonances can be 
assigned, until residue T9 in the loop is reached. It is possible to assign its 
H I ' resonance, but the connection to the H8 resonance of residue G10 cannot 
be made. On the other hand, when starting at the З'-end with the H8-H1' 
cross peak of residue A15, a sequential connectivity walk can be made until the 
H8-H1' cross peak of G10 is reached. Now it is not possible to go one step fur­
ther and make the connection to the H I ' resonance of T9. The strongest cross 
peak intensities correspond to the NOEs between the H6 and H5 protons of 
the cytidines, with their short fixed inter-proton distance of 2.45 A. The H5-H6 
cross peak assignments were confirmed by the appearance of the corresponding 
J-connectivities in a DQF-COSY spectrum (data not shown). A similar se­
quential assignment can be obtained for the connectivities between the H6/H8 
base- and H2'/H2" sugar proton resonances, and at the longer mixing times it 
is even possible to make a sequential walk based on H6/H8 and H3' connectiv­
ities. The sequential analysis for the H6/H8 and H2'/H2" resonances cannot, 
however, be extended into the loop region as far as that for the H I ' resonances. 
By combining the Hl '-H2'/H2" NOE cross peaks and the corresponding cross 
peaks in the DQF-COSY spectrum it is nevertheless possible to assign all H2' 
and H2" resonances. A stereospecific assignment of the H2' and H2" resonances 
could be achieved for all residues after analysis of the J-coupling patterns of the 
cross peaks in the DQF-COSY spectrum and the intensities of the cross peaks 
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Figure 6.2: Part of the 400 MHz, phase sensitive, NOESY spectrum of 
d(TCTCTC-TTT-GAGAGA), dissolved in D20, exhibiting cross peaks between 
aromatic H6/H8 protons and sugar HI ' protons. The spectrum was recorded 
at a temperature of 298 К for a 2 mM sample at pH = 8 with a mixing time 
of 0.3 s. The sequential analysis of the spectrum is indicated. The numbering 
of the resonances corresponds with that in the hairpin in Fig. 61. Only the 
assignments of the intra-residue cross peaks, H6/H8.-H1 ',, are given. 
in the NOESY spectra obtained at the shorter mixing times. The sequential 
inter-residue connectivities, obtained for the loop residues of the hairpin and 
the residues which close the loop, are schematized in Fig. 6-3. 
At this point an attempt can be made to assign the remaining resonances to 
the individual sugars. The final results are given in Table 6 1 . If possible, 
the assignments were confirmed by means of a TOCSY and a DQF-COSY 
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T5 C6 T7 T8 Τ9 G10 Α1 1 
H1'(¡)-H6/H8(¡+1) · · · · · · · 
H2'(¡)-H6/H8(¡+1) « · « m · « · 
Η2"(ι)-Η6/Η8(ι+1) m m * · · · · 
Figure 6.3: Connectivity diagram composed of the sequential NOE cross peaks 
between Hl'¡-H6/H8,+i etc. of the residues T5 through G10 (see hairpin struc-
ture in Fig. 6-1). A drawn line corresponds with the presence of an unambigu-
ous cross peak. The absence of cross peaks between residues T9 and G10 for 
all connectivity pathways is noteworthy; the connectivities between C6 and T7 
and between T7 and T8 suggest deviations from a B-type conformation. 
experiment (data not shown). Because of overlap a complete identification of 
the sugar proton resonances could not be achieved for all residues. 
A stereospecific assignment of the H5' and H5" resonances is necessary to be 
able to determine the value of torsion angle 7 [26], but is not possible for all 
residues. The H5' as well as the H5" resonances of residues T9 and G10 could 
be assigned stereospecifically, but, for example, for residues T7 and T8 only 
one of the resonances, i.e. the H5" resonance on basis of NOE intensities and J-
coupling constants, could be assigned, while the position of their corresponding 
H5' resonances could not be established. 
6.3.2 Torsion angle and distance constraints. 
The pseudorotation parameters, P 5 and <^ms, and the fraction of the S-type 
puckered sugar, x5 , derived by means of the conformational analysis program 
MARC [1] (see Materials and Methods) are listed in Table 6-2. Because of the 
limited accuracy of the J-coupling data the resulting domains of the angles of 
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Residue 
Tl 
C2 
T3 
C4 
T5 
C6 
T7 
T8 
T9 
G10 
Al l 
G12 
A13 
G14 
A15 
H6 
H8 
7.48 
7.71 
7.51 
7.62 
7.42 
7.57 
7.64 
7.49 
7.32 
7.92 
8.12 
7.64 
7.96 
7.55 
8.02 
HI' 
6.01 
6.03 
6.07 
5.98 
6.02 
6.12 
6.18 
5.82 
5.82 
5.42 
5.97 
5.47 
5.93 
5.48 
6.25 
H2' 
2.22 
2.21 
2.30 
2.15 
2.05 
2.21 
2.10 
1.94 
1.92 
2.66 
2.65 
2.48 
2.49 
2.37 
2.51 
H2" 
2.53 
2.50 
2.54 
2.49 
2.47 
2.29 
2.32 
2.19 
2.11 
2.80 
2.82 
2.62 
2.72 
2.51 
2.40 
H3' 
4.69 
4.79 
4.88 
4.82 
4.84 
4.88 
4.60 
4.57 
4.82 
5.01 
4.96 
4.98 
4.90 
4.61 
H4' 
4.11 
(4.22) 
(4.11) 
4.20 
4.27 
3.83 
3.64 
4.26 
4.39 
4.28 
4.35 
4.20 
H5' 
(4.17) 
3.60 
3.98 
(4.13) 
(4.14) 
H5" 
(4.10) 
(4.07) 
4.02 
4.00 
3.89 
3.41 
3.88 
(4.07) 
(4.12) 
(4.08) 
H5 
CH3 
H2 
1.66 
5.78 
1.67 
5.68 
1.68 
5.69 
1.85 
1.72 
1.61 
-
(7.70) 
-
(7.70) 
-
7.83 
Table 6.1: Chemical shifts of the non-exchangeable proton resonances of 
d(TCTCTC-TTT-GAGAGA) at 298K. The chemical shifts, given in ppm, are 
relative to DSS. The assignments given between parentheses are preliminary. 
The empty places refer to non-assignable resonances. 
pseudorotation are not very narrow and in some instances neither are those of 
the fractions x
s
. It follows, however, that the S-type pucker is the predominant 
conformation for all sugars. In this respect it is noted that for the loop residues 
T7, T8 and T9 the fraction of the S-type sugar is high but never reaches a value 
of 1.0. Furthermore, for the purine strand the S-pucker seems more dominant 
than for the pyrimidine strand. Because S-type sugars are predominant the 
corresponding puckering parameters were used in the structure calculations. 
The intra-residue distance between the H6/H8 and H I ' protons depends on χ 
only. If an equilibrium is present between N- and S-puckered sugars and if it is 
assumed that torsion angle χ of the N-type sugars is equal to χ of the S-type 
sugars then the Η6/Η8-ΗΓ distances, calculated with N02DI, indicated that χ 
is in the anti-region between 170° and 260° for all residues in the hairpin. If it 
is assumed that χ in a nucleotide with N-type sugars is about 50° lower than 
in S-type sugars, i.e. X N = X S - 5 0 , then the measured distance d,(H6/H8;Hl') 
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Residue 
T l 
C2 
T3 
C4 
T5 
C6 
T7 
T8 
T9 
G10 
Al l 
G12 
A13 
G14 
A15 
J(1'2') 
10.5* 
8.1 
9.8' 
7.2 
7.3 
7.3 
7.3 
9.5 
7.3 
10.3* 
8.1 
10.7· 
7.0 
J(1'2") 
5.1' 
6.7 
4.9' 
7.2 
6.7 
6.7 
6.7 
6.5 
6.7 
4.9' 
6.9 
3.4* 
6.8 
Σ2' 
25.9· 
28.8* 
29.3* 
28.8· 
24.9* 
24.4' 
24.4* 
28.8· 
25.9* 
27.3* 
27.8· 
28.3· 
Σ2" 
24.9* 
23.4· 
21.7· 
22.0* 
21.0* 
22.0* 
21.6· 
20.5· 
22.5· 
Ps 
162-203 
117-162 
122-176 
180-207 
198-207 
176-207 
180-207 
153-185 
117-207 
167-203 
203-207 
149-171 
194-207 
<i>mS 
38-42 
32-42 
36-42 
32-36 
36-42 
32-42 
36-42 
32-36 
32-42 
40-42 
34-38 
42 
32-34 
xs 
0.75-1.00 
0.60-0.70 
0.75-0.85 
0.85-1.00 
0.80-0.85 
0.75-0.90 
0.70-0.85 
0.85-1.00 
0.55-1.00 
0.80-1.00 
0.95-1.00 
0.90-1.00 
0.85-0.95 
Table 6.2: J-coupling constants and sums of J-coupling constants obtained for 
the sugar rings. The couplings marked with an asterix have been deduced 
from cross sections through the multiplets in a DQF-COSY spectrum and the 
unmarked coupling constants have been derived by simulation of the ID-proton 
spectrum (see text). Empty places indicate that the corresponding parameters 
could not be determined. The pseudorotational parameters, Ρ and ф
т
, of the 
sugar were obtained by the MARC-analysis [1]. P
s
 was sampled between 117° 
and 211.5° in steps of 4.5", 4>
m
s was sampled between 32" and 42° in steps of 2 е 
and the molar fraction, xs, was sampled between 0.0 and 1.0 in steps of 0.05. 
depends on XN/XS and through this on the percentage N- or S-type sugars. In 
this situation the range available for χ becomes larger, with χ between 120° 
and 280°. 
The determination of the remaining backbone torsion angles involves the com­
bined use of NOE- and J-couplings data. Torsion angle β is monitored by the 
H5'P and H 5 " P J-coupling constants. In A- and B-type helical structures β 
is found in the trans domain. If β is exactly equal to 180° both J(H5 'P) and 
J(H5"P) are small, i.e. about 2 Hz [27]. If β adopts a value around 210°, as 
is the case in B-DNA, J(H5"P) will be about 7 Hz and a distinct cross peak 
should appear in a proton-phosphorous correlation spectrum, while J(H5'P) re­
mains very small and no cross peak can be detected. Because of severe overlap 
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in the 'H- 3 1 ? hetero-correlated spectrum no assignments can be made and con­
sequently the values of the J-coupling constants cannot be estimated from this 
spectrum. In case β adopts a gauche(-) or gauche(+) conformation, J(H5'P) 
or J ( H 5 " P ) may increase to about 23 Hz [27]. This should be apparent in 
a DQF-COSY spectrum as a large passive coupling constant. For the suffi­
ciently well resolved H5'- and H5" cross peaks in the stem as well as the loop, 
such large couplings were not observed, which indicates that β adopts a trans 
conformation for the corresponding residues. 
Based on sterical grounds, torsion angle e may only adopt trans or gauche(-) 
values (see Chapter 3 and [27,28]). If ε is in the gauche(-) conformation and 
the sugar is in a C2'-endo conformation the four bonds H2'-C2'-C3'-03'-P lie in 
the same plane and form a W-shaped conformation [29]. One may then expect 
to observe a long-range coupling, J(H2'P3). In the ' H - 3 1 ? hetero-correlated 
spectrum cross peaks between H2' and P3, which are normally smaller than 2.7 
Hz [29], are not observed. Therefore it was assumed that all torsion angles ε 
fall in the trans domain. 
Torsion angle 7 of the loop residues was determined using the assignments of 
the H5' and H5" resonances, in a way already described earlier [26]. 7 of loop 
residues T7, T8 and T9 resides in the normal gauche(+) range; the J(4 '5") 
couplings are so small that no cross peaks are observed in the COSY spectrum. 
On the other hand, 7 of residue G10 falls in the trans domain. This follows 
from the NOESY spectrum (Fig. 6-4A) in which reasonably strong NOEs of 
comparable intensity are observed between the H3' and H5'/H5" proton pairs 
of G10. Furthermore, in the DQF-COSY spectrum the G10 H4'-H5" multiplet 
shows a splitting by a large active coupling of about 9 Hz (Fig. 6-4B). 
The NOE connectivities which form the basis for the structure determination 
of the loop region are schematized in Fig. 6-5. The experimental cross peak 
intensities as well as the upper- and lower bounds for the distances and torsion 
angles as used in DIANA are listed in Table 6-3. The connectivity patterns ob­
served for the dinucleotide steps in the loop indicate that the nucleotide chain 
strongly deviates from a standard B-DNA type conformation. In the C6-T7 
d ( T C T C T C - T T T - G A G A G A ) 211 
Figure 6.4: A: Part of the 400 MHz NOESY spectrum of d(TCTCTC-TTT-
GAGAGA), recorded with a mixing time of 0.3 s. The region in which the 
H3',H4' and H5'/H5" resonances are found is shown. The cross peaks corre-
sponding to intra-nucleotide NOEs of residue G10 are indicated. 
B: The corresponding part of the 400 MHz DQF-COSY spectrum. The cross 
peak patterns of G10 are indicated again. 
The indicated NOEs and J-coupling patterns are used in the determination of 
torsion angle 7 of G10, as described in the text. 
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Figure 6.5: Schematic representation of the connectivities observed between 
the protons in the loop region of the hairpin d(TCTCTC-TTT-GAGAGA). 
Connectivities are indicated by lines connecting the protons in the different 
residues. 
step the cross peak between C6H1' and T7H6 as well as the cross peaks be­
tween C6H2'/H2"/H5 and the methyl group of T7 reflect the normally observed 
pattern. On the other hand, reasonably intense NOEs normally found in stan­
dard B-DNA between CH2'/H2" and TH6 of residues C6 and T7 respectively, 
are absent, even at longer mixing times. Additionally, non-standard cross peaks 
are observed between C6H1' and T7H2' and between C6H4' and T7CH3 (CH3: 
methyl group), indicating that the C6-T7 step deviates from that in the normal 
B-type helix. Although weak, two interesting long-range contacts are observed 
between C6H1'-T8CH3 and C6H2"-T8CH3, respectively. The connectivities 
between the spins of residues T7 and T8 show interesting similarities with 
those, observed between the spins of C6 and T7. Again, an Overhauser effect 
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is observed between the T7H1' and the T8H6 resonance, but the cross peaks 
between the T7H2'/H2" and the T8H6 resonances are absent. Although of 
smaller intensity than in the C6-T7 dinucleotide step, also between T7H4' and 
T8CH3 a nuclear Overhauser effect is observed. Apart from this T7H4'-T8CH3 
and an additional T7H1'-T8CH3 cross peak, no other connectivities between 
protons of residue T7 and the methyl group of T8 are observed. For the T8-T9 
step standard B-type connectivities are found, but between the resonances of 
residues T9 and G10 no standard sequential cross peaks could be observed at 
all. The well-defined cross peaks observed in the T9-G10 dinucleotide step are 
T9H4'-G10H1' and T9H4'-G10H8, respectively. 
6.3.3 Structure determinat ion. 
The available NOE cross peak intensities were transferred into inter proton dis­
tances using the program N02DI; these served to define the distance constraints 
(see Table 6-3) 
The distance constraints, together with the determined torsion angle domains 
and sugar pseudorotation parameters served as input for the distance geometry 
calculations with the program DIANA [19]. Analysis of the 20 structures with 
smallest target function values showed that the output consists of two classes of 
conformations. For each of these classes, the resulting DIANA structure with 
lowest target function is shown in Fig. 6-6. The torsion angles derived for the 
loop residues of these structures are presented in Table 6-4. In the conformation, 
which occurs most abundantly, residue T8 is folded into the minor groove (Fig. 
6 6 B ) . This is accompanied by a change of torsion angle a of T8 from the normal 
a gauche(-) to the unusual a trans state. A change of α to a trans value shortens 
the distance between the phosphorous atoms P9 and PIO, which is necessary for 
loop closure. The base of residue T7 is tilted with respect to the B-type stem. 
The base of residue T9 lies above the base of G10 in a more or less parallel 
orientation, although the distance between the two base planes is longer than 
what is normal for two residues directly stacking on each other. Between T9 
and G10 a 180° change in the propagation direction of the phosphate backbone 
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Figure 6.6: Stereo views of the hairpin models, as obtained via the DIANA 
calculations. The structures are displayed in the form of stick models. 
A: The base of residue T7 is folded into the minor groove. 
B: The base of residue T8 is folded into the minor groove. 
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A Distance constraints 
Involved atoms 
C6H1' T 7 H 6 
C 6 H 1 ' T 7 M e 
C6H3' T 7 M e 
C6H4' T 7 M e 
C6H5 T 7 M e 
C6H1' T 7 H 2 ' 
C6H2' T 7 M e 
C6H2" T 7 M e 
C6H1' T 8 M e 
C6H2" T 8 M e 
Τ 7 Η Γ T 8 H 6 
T7H3· T 8 H 6 
Τ 7 Η Γ T 8 M e 
T 7 H 4 ' T 8 M e 
T 8 H 1 ' T 9 H 6 
T 8 H 2 ' T 9 H 6 
T8H2" T 9 H 6 
T 8 H 4 ' T 9 H 6 
T 8 H 2 ' T 9 M e 
T 8 H 2 " T 9 M e 
T 8 H 3 ' T 9 M e 
T 9 H 4 ' G 1 0 H 8 
T 9 H 4 ' G 1 0 H 1 ' 
Τ 9 Η Γ G10H5' 
lower bound 
3 10 
3 50 
4 10 
* 
4 50 
* 
3 20 
3 20 
5 00 
3 50 
3 00 
3 00 
3 50 
2 80 
2 70 
2 70 
3 50 
3 20 
3 50 
3 70 
2 80 
3 20 
3 40 
3 20 
A 1 upper bounc 4 20 
5 00 
6 00 
» 
6 40 
φ 
5 00 
5 00 
6 00 
6 00 
6 00 
6 00 
6 00 
4 90 
3 80 
3 80 
4 90 
6 00 
4 80 
4 90 
4 80 
5 40 
6 00 
6 00 
A 
В Torsion angle constraints 
α fi 
I b u b I b ü b 
C6 
T 7 30 330 160 200 
T S 30 330 160 200 
T 9 30 330 160 200 
G10 30 330 160 200 
stem -85 -45 160 220 
7 
l b 
30 
30 
30 
30 
140 
30 
u b 
70 
90 
90 
90 
220 
70 
Ρ 
I b 
140 
140 
140 
140 
140 
140 
u b 
190 
190 
190 
190 
190 
190 
e 
l b 
180 
180 
ISO 
180 
ISO 
180 
u b 
250 
250 
250 
250 
250 
240 
С 
1 b 
30 
30 
30 
30 
30 
-115 
u b 
330 
330 
330 
330 
330 
-75 
X 
1 b 
-160 
-180 
-180 
-180 
-160 
-160 
u b 
-90 
-90 
-90 
-90 
-90 
-90 
Table 6.3: A: Distance constraints for the loop residues as used in the final DI­
ANA calculations. The lower bounds equal to 4A (see text) are not mentioned in 
this Table. The C6H2'-T7Me, C6H2"-T7Me, C6H2"-T8Me and T8H2"-T9Me 
cross peaks were clearly present in the spectrum, but could not be integrated due 
to partial overlap. The distance constraints for these atom pairs were chosen in 
a wide range. An asterix (*) means that the distance constraint is omitted from 
the DIANA input after performance of the first CORMA calculations, because 
the distance found in one type of hairpin is much larger than expected on basis 
of the NOE intensity, while in the other hairpin it is much smaller (see text). 
B: Torsion angle constraints as used in the DIANA calculations. Lb. means 
lower bound, u.b. is the upper bound. 
is observed. This turn involves a ζ gauche(-f) and an α gauche(+) torsion angle 
between T9 and G10. Torsion angle 7 of G10 adopts a trans conformation as 
was deduced from the NMR data. 
In the second conformation residue T7 is folded into the minor groove (Fig. 
6·6Α). This conformation is observed only five times among the twenty struc-
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residue 
C6 
T7 
T8 
T9 
G10 
residue 
C6 
T7 
T8 
T9 
GIO 
α 
161 
-106 
-82 
85 
α 
-34 
-176 
-59 
81 
β 
-160 
180 
-161 
-158 
ß 
172 
159 
169 
-157 
residue Τ7 in the 
7 6 ε 
159 -145 
74 164 -167 
92 132 -172 
90 160 -118 
-140 151 
residue T8 in the 
7 6 ε 
137 -174 
90 164 -119 
43 147 -160 
94 164 -116 
-140 144 
minor groove 
С 
160 
-82 
-105 
69 
minor groove 
С 
-131 
147 
-112 
91 
X 
-104 
-87 
-127 
177 
-90 
X 
-91 
177 
-154 
179 
-109 
Ρ 
191 
215 
141 
195 
170 
Ρ 
147 
215 
163 
215 
158 
Фт 
38 
38 
38 
38 
39 
Фт 
39 
39 
39 
39 
39 
Table 6.4: Values of the torsion angles of the loop structures in the T7- and T8-
hairpin with lowest final target functions obtained after DIANA calculations. 
The T7- and T8-hairpins are depicted in Fig. 6-6. 
tures with the lowest target function values. The observed domains occupied 
by the torsion angles in these five structures are broader than those observed 
for the conformations in which T8 is folded into the minor groove. The torsion 
angles α of T7 and T8 occur in a very broad trans/gauche(-) and the torsion 
angle ζ of C6 in a broad trans domain. These torsion angle conformations allow 
the base of residue T7 to swing into the minor groove. The base of residue T8 is 
then turned into the direction of the major groove without connection with any 
other residue, because the phosphate backbone has to change direction after 
this residue. Again, the base of T9 lies above G10 in a more or less parallel 
orientation at a distance too long for the bases to stack upon each other. The 
180° change in the direction of the phosphate backbone is observed between 
residues T9 and G10 and occurs in the same way as described for the confor-
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mation with T8 in the minor groove: ζ as well as a between T9 and G10 adopt 
a gauche(+) and 7 of G10 a trans conformation. All other torsion angles retain 
their regularly preferred values. 
The hairpin in which the base of residue T7 is turned into the minor groove 
(henceforth referred to as the T7-hairpin) as well as in the hairpin in which the 
base of T8 is in the minor groove (henceforth referred to as the T8-hairpin) do 
not (and cannot) at the same time fullfil all of the NMR constraints. Consid­
eration of the data after NOE back-calculation with CORMA indeed showed 
that the intensity of the NOE connectivity between the resonances of C6H4' 
and T7CH3 as calculated for the T7-hairpin is (much) larger, while for the T8-
hairpin it is (much) smaller than experimentally determined. The same holds 
for the NOEs C6H1'-T7CH3, T7H2'-T8H6, C6HT-T7H2' and T8H4'-T9H6. On 
the other hand, the intensities calculated for the cross peaks between T7H4'-
T8CH3 and T7H5'/H5"-T8CH3 in the T8-hairpin are too large, compared with 
experimental data, and are too small for the T7-hairpin. Since during the 
sampling procedure we could not find conformations which fullfilled all NMR 
constraints at the same time we assumed that these data imply the existence 
of a fast equilibrium, on the NMR time scale, between the two conformations. 
Besides the mentioned violations, which may be explained by the existence of an 
equilibrium between the T7- and T8-hairpin, both conformations exhibit only 
one violation larger than 0.2Â. This concerns the distance between T8H2" and 
T9H6 for which the intensity of the connectivity, as calculated with CORMA 
for the two models, is 0.04, while that found by integration of the NMR data is 
only 0.01. At this point we have no explanation for the very low intensity of this 
connectivity. An impression of the conformational space, occupied by the loop 
residues of the T7- and T8-hairpin is presented in Fig. 6-7. The four best T8 
hairpin loops (Fig. 6-7B) and the four best T7-hairpin loops (Fig. 6-7A) have 
been superimposed. The overall RMS deviation between these conformations 
is 0.7Â and 0.9A, respectively. It can be seen that the loop is well defined, 
although the T8-hairpin, in which residue T8 is bulged out, is better defined 
than the T7-hairpin in which residue T7 is bulged out. 
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Figure 6.7: A: Superposition of the loop residues of the four DIANA struc-
tures with smallest target function in which residue T7 is folded into the minor 
groove. The overall root mean square deviation after superposition was 0.9Â. 
B: Superposition of the loop residues of the ten DIANA structures with smallest 
target function in which residue T8 is folded into the minor groove. The overall 
root mean square deviation after superposition was 0.7A. 
6.4 Discussion. 
6.4.1 Conformational aspects of the three-membered loop. 
Hairpins, for which sofar detailed structural studies have been performed, mainly 
contained an even number of residues in the loop region. Details of the loop 
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folding depend among other things on the base sequence of the loop, e.g. lo-
cal optimization of the hairpin structure may involve base stacking in the loop 
or even base pairing of the two terminal nucleotides within a four-membered 
loop [1,10]. In this paper the structure of the pentadecanucleotide d (TCTCTC-
TTT-GAGAGA) which forms a hairpin with an odd number of residues in the 
loop, has been derived. The most surprizing aspect of this study is that a 
consistent description of the experimental data can only be obtained when two 
hairpin loop structures are present in solution. The major part of the exper-
imental NOE connectivities show an excellent fit for both structures, the T í -
as well as the T8-hairpin. About seven NOE cross peaks, however, appear 
in the spectrum owing to the presence of short inter-proton distances in only 
one of the conformers. After the DIANA calculations restrained energy min-
imizations were performed. Distance constraints were only used for the NOE 
connectivities, which were found to belong to a given type of hairpin (i.e. T7-
or T8-hairpin) to be energy minimized. After restrained minimization the en-
ergy of the T8-hairpin was 2 kJ/mole lower than that of the T7-hairpin. The 
torsion angles adopted by both conformations after minimization do not differ 
more than 20° from the values obtained after the DIANA calculations, in other 
words they remain in the same staggered domains. 
When the loop region of the T7- and T8-hairpin is considered and the hairpin 
is viewed from the top along the helix axis, the course of the sugar phosphate 
backbone in the 5'-direction is essentially as if it were part of a B-type helix, 
despite the fact that either T7 or T8 has turned into the minor groove (see Fig. 
6-8). 
When the T7 base is in the minor groove, the orientation of torsion angle a of 
T7 has changed from the normal (B-DNA) gauche(-) to the trans (anti) region. 
The direction of the backbone does not change however. This is achieved by 
small compensations of ε-Сб, C~C6, 7-T7 and ε-Τ7. When T8 is found in the 
minor groove a-T8 is found in the trans region. Again, the direction of the 
backbone is maintained, now by small adaptations of α-Τ7, 7-T7, ε-Τ7 and 
£-T7. Between residues T9 and G10 the sugar-phosphate backbone makes a 
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Figure 6.8: Plot of the hairpin structures of the T7-bairpin (A) and T8-hairpin 
(B) viewed along the helix axis. For clarity the bases of the stem have been 
deleted. The direction of the phosphate backbone changes 180" between residues 
T9 and G10. Note the positions of residues T7 and T8, respectively. 
A. 
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shaxp turn in the T7- as well as the T8-hairpin. After this turn the backbone 
continues with a standard B-type conformation. Consideration of the backbone 
torsion angles between residues T9 and G10 shows that they are essentially the 
same in the T7- and T8-hairpins (see Table 6·4). 
6.4.2 Compar ison with other hairpins. 
It has been noted before that a conversion to the ζ gauche(+)/a gauche(+) do­
main can induce a complete change in the direction of the phosphate backbone 
[1,30]. This is illustrated by the values of the backbone torsion angles obtained 
for the circular dinucleotide d(ApAp) (see Table 6-5). The patterns, described 
above for the torsion angles involved in the sharp change in the direction of 
the sugar phosphate backbone have with some variations been observed in a 
number of other hairpins. The results are summarized in Table 6-5. 
For instance, the C(+)a(+)ß(t)-y(t) combination found for d (TCTCTC-TTT-
GAGAGA) has been observed in several other hairpins. Molecular dynamics 
simulations have shown that combinations like £(+)a(-)/3(+)7(t) , which were 
obtained by NMR for a small hairpin [31], easily convert to £(+)a(+) /?( t )7( t ) , 
suggesting that the last mentioned combination of torsion angles is energetically 
very favourable. 
In the given examples torsion angle β is in the trans conformation in all loops. 
Torsion angle ε at the 5'-side of the mentioned torsion angles adopts gauche(-) 
as well as trans values. In the hairpin d(ATCCTA-TTTA-TAGGAT) (referred 
to as TTTA-hairpin) [1], e of the third thymidine residue in the loop is in the 
gauche(-) domain, which allows this residue to stack upon the adenosine in 
the loop. In the hairpin d(ATCCTA-TTTT-TAGGAT) (referred to as T T T T -
hairpin) [9], ε of the third loop residue is found in the trans region. This thymi­
dine is partially stacked upon the second loop residue so that the third and 
fourth bases are kept about 7 A apart from each other. This situation is compa­
rable with that in d(TCTCTC-TTT-GAGAGA). Torsion angle ε of residue T9 
adopts a (-)anticlinal conformation preventing T9 from directly stacking upon 
G10. 
222 C h a p t e r 6 
Oligonucleotide ε ζ α β γ reference 
d(TCTCTC-TTT-GAGAGA) t + + t t this paper 
d(ATCCTA-TTTA-ATCCTA) - + + t t [1] 
cd(ApAp) t + + t + [30 
d(GGATCG-TTT-CGATCC) t + + t t 32 
B-DNA t - - t + 
Table 6.5: Torsion angles, obtained for four oligonucleotide hairpins at the 
position of the 180° turn in the direction of the phosphate backbone, compared 
to the values found in standard B-DNA. These torsion angles are found between 
the residues depicted in bold. The values of the torsion angles are indicated 
with the classical rotamers gauchc(+), trans and gauche(-). 
In the T8-hairpin the folding of the base of T8 into the minor groove takes 
place in a way comparable with that observed for the second thymidine in 
the TTTA-hairpin. In the T7-hairpin the folding of the base of T7 into the 
minor groove may be compared with the folding of the second thymidine in the 
TTTA-hairpin. 
Not only the torsion angles ranges are comparable, but also the observed NOE 
connectivity patterns are very similar. The connectivities found in d ( T C T C T C -
TTT-GAGAGA) between residues C6 and T7 are analogous to those found in 
the TTTA-hairpin between the first and second thymidine in the loop. In both 
cases a nuclear Overhauser effect is observed between the H I ' resonance (HI ' , ) 
and the H6 resonance of its 3' neighbour (H6,+i), while the cross peaks between 
H2'/H2", and H6 l + i are absent. In both hairpins a remarkable cross peak is 
observed between H I ' , and H2',+ i, indicating that the nucleotide chains clearly 
deviate from standard A- or B-type helices. In addition, a cross peak is observed 
between H4', and С Н 3 1 + ) . With the exception of the Hl\-H2' , + 1 NOE this cross 
peak pat tern repeats itself in the hairpind(TCTCTC-TTT-GAGAGA) between 
loop residues T7 and T8. Since in the T7- and T8-hairpin the bases T 7 and 
T8 reside in the minor groove, respectively, this suggests that these observed 
connectivities between residues i and i+1 are typical for a conformation in which 
residue (i+1) is folded into the minor groove. 
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The hairpin d ( G G A T C G 9 - T „ T B T c - C i 3 G A T C C ) , studied by NMR and molec­
ular mechanics by Fazakerley and coworkers, also contains a loop of three 
thymidines [32]. A comparision of the connectivities observed between the 
last residue of the stem, G 9 , and the first residue in the loop, T^shows several 
similarities with the cross peak patterns mentioned above shows several similar­
ities, i.e. the cross peaks Hl',-H6 1 + i, HlVH2', + i and H4',-CH3,+i are observed 
between G 9 and Тд as well. In addition, however, the cross peaks H2',/H2"<-
H6 1 + 1 are present, which are absent in the d(ATCCTA-T 7 T e T 9 A 1 0 -TAGGAT) 
and d(TCTCTC-TTT-GAGAGA) spectra . Furthermore, the NOE cross peak 
H3',-CH3 1 + 1 has a larger intensity than the NOE H4',-CH3 l +i. Despite these 
differences, it may be expected that the conformation of the dinucleotide step 
G E T T ^ resembles the C6-T7 and T7-T8 steps in d(TCTCTC-TTT-GAGAGA) 
and the T 8 - T 9 step in the TTTA-hairpin. Indeed examination of the family of 
conformations, satisfying the distance constraints for the incorporation of the 
first Τ residue on the G-C base pair of the stem of d(GGATCG-TTT-CGATCC) 
and of the final stereoscopic views, confirmed the suggestion that on basis of this 
special set of experimental NOEs residue TA is folded into the minor groove. 
The 180° change in the direction of the phosphate backbone of this hairpin 
is also defined by a ζ(+)α(+)β(ί)~/(ί) combination (Table 6-5). The position 
of this turn is between residues T
c
 and C 1 3 , which is at the same position as 
found for the presently studied hairpin. A major difference between the two 
hairpins with three thymidines in the loop concerns the conformation around 
the torsion angles 7. For d(TCTCTC-TTT-GAGAGA) 7 adopts a gauche(+) 
conformation for all residues except G10. In the model derived for d(GG ATCG-
TTT-CGATCC) 7 of each residue Ί
Α
, T B , T c and C13, is on the trans domain. 
Due to spectral crowding measurement of J(4'5') or J(4'5") was not possible 
for the latter molecule; the 7 values deduced for Ύ
Α
 and T B were indicated by 
the observed NOEs and those for T c and C13 were imposed by the loop closure 
during model building. 
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6.4.3 Loop-folding. 
If we compare the various DNA hairpins studied sofar in sufficient detail it 
stands out that the sharp turn in the sugar phosphate backbone in the loop 
occurs at the same position for all of these molecules. The turn is found between 
the last З'-residue of the loop and the З'-residue of the base pair closing the 
loop. It will be interesting to see whether in future studies of other hairpins 
this will be a common feature of loop folding. 
With the present experiments the list of DNA hairpins in which one of the 
thymidines in the loop is turned into the minor groove has been extended by 
another example. As has been mentioned, the surprizing result of this study 
is that either T7 or T8 may exhibit this behaviour. General conclusions as to 
the reason why loop thymidines fold into the minor groove cannot be made at 
this point. It is interesting though that in hairpins where this effect is observed 
it is the first thymidine following the 5'-nucleotide of the base pair closing the 
loop. The hairpin studied in this chapter forms an exception in that not only 
the first, but also the second thymidine after the 5'-nucleotide of the base pair 
closing the loop may turn into the minor groove. It is noted in passing that 
examples of hairpin structures are known where these central thymidines do not 
turn into the minor groove [9,33,34]. At this moment it is not clear at all why 
this happens in one hairpin and not in the other. There are some indications 
that the thymidine in the minor groove may be stabilized by hydrogen bonds. 
In this respect it is interesting to recall the loop folding principle, introduced 
earlier [11], which was based on the assumption that the stacking of the bases in 
the stem is continued in the loop region. The preceding discussion demonstrates 
that this does not hold up with respect to the stacking of the bases but it 
does for the course of the backbone including the position of the sharp turn 
in its direction. Further investigations are called for to be able to relate these 
observations. Several hairpins with a loop of four residues have been studied. 
The results have shown that under specific conditions the terminal bases of the 
intervening loop sequence are involved in some kind of base pairing [1,9,31]. 
The data presented in this paper deal with a hairpin loop that consists of three 
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thymidines. The loop is closed by a C-G base pair. In this three membered 
loop the phosphate backbone propagates in a normal way on top of the 3'-end 
of the B-type double helical stem, while after the third residue the backbone 
changes its direction, as expected on basis of the original folding principle. The 
data presented for a different three membered hairpin loop, which is closed by 
a G-C base pair [32], also suggest to follow the rather simple model of folding. 
6.4.4 Conclus ion. 
The stable hairpin with three membered loop, d(TCTCTC-TTT-GAGAGA) is 
flexible under the used experimental conditions. On the NMR time scale, a fast 
equilibrium exists between a conformational state in which residue T7 is in the 
minor groove and a conformational state in which residue T8 is in the minor 
groove. The NOE data have been described and explained in a qualitative way. 
The hairpin has been compared with previously studied hairpins with three-
and four residues in the loop and surprizing agreements in the NOE patterns 
and resulting overall folding have been observed. It would be very interesting 
to gain a better quantitative understanding of the transition between T7- and 
T8-hairpin. 
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Chapter 
Three Dimensional Homo nuclear 
TOCSY-NOESY of Nucleic Acids. 
Possibilities for improved assignments. 
Abstract. 
The application of 3D TOCSY-NOESY spectroscopy to the analysis of nu-
cleic acids is presented, using a TOCSY-NOESY spectrum of the DNA hairpin 
5 'GTTCCA-AAC-TGGAAC3'. An easy and concise method for describing the 
magnetization transfer in 3D experiments as applied to the TOCSY-NOESY 
experiment of nucleic acids is presented. It is shown that a 3D TOCSY-NOESY 
experiment can be considered as a collection of spin-lock patterns. In particular 
the repeating spin-lock pattern present in the fif3 planes is an extremely useful 
feature of a TOCSY-NOESY experiment since it can be used to distinguish be-
tween protons whose resonances overlap. The application of TOCSY-NOESY 
makes it possible also to assign the very crowded H4', H5', H5" resonances. 
7.1 Introduction. 
Three dimensional NMR is rapidly becoming the method of choice for studying 
relatively large biomolecules by NMR methods, because of its capability to 
remove resonance overlap present in 2D NMR spectra. This is particularly 
evident from a number of publications that describe NMR studies of proteins 
that are large by NMR standards [1-14]. 
A 3D NMR experiment can be viewed as a combination of two separate 2D 
experiments, with the detection period of the first acting as the evolution pe-
Mooren, M.M.W., Hilbers, C.W., van der Marel, G.A., van Boom, J.H. and Wijmenga, 
S.S. J. Magn. Res. 94 (1991) 101-111. 
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riod of the second 2D experiment. For the purpose of resonance assignment in 
proteins, polysaccharides and nucleic acids, the basic and most often used 2D 
experiments are TOCSY and the NOESY. The TOCSY experiment can provide 
the connectivities which characterize the networks of J-coupled protons, while 
from a NOESY spectrum distance information is obtained. Homonuclear 3D 
experiments involving TOCSY and NOESY, i.e. NOESY-TOCSY [1,2,10,15], 
TOCSY-NOESY [3,4,13,16], TOCSY-TOCSY, and NOESY-NOESY [17,18] are 
thus expected to be the most worthwhile. In particular TOCSY-NOESY and 
NOESY-TOCSY can be used to advantage for resonance assignment because, 
in one experiment information on both J-coupling and distance is generated, as 
has been demonstrated by, for example, a 3D Clean-TOCSY-NOESY spectrum 
taken of Megasphaera elsdenii flavodoxin, a protein of 137 amino acid residues 
[13,19]. In the 3D spectrum of this protein resonance overlap is well resolved, 
providing additional resonance assignments and NOE contacts that could not 
previously be established by 2D NMR methods [19]. A second group of 3D NMR 
experiments can be termed heteronuclear 3D NMR. In heteronuclear 3D NMR a 
proton-heteronucleus correlation experiment (e.g. a HMQC experiment [20]) is 
combined with a 2D proton-proton experiment. The HMQC experiment may be 
combined with either the TOCSY or the NOESY experiment mentioned earlier, 
leading to NOESY-HMQC [6-9] (or HMQC-NOESY [5,14]), or HMQC-TOCSY 
[21] (or TOCSY-HMQC [9]). The advantage of heteronuclear 3D NMR involv-
ing 15N or 13C [11,12,14,22-24] over homonuclear 3D NMR lies in the larger 
spectral width of 15N and 13C [11,12] compared to that of 41 . A disadvantage 
is that one has to perform two heteronuclear 3D experiments to obtain both 
J-coupling and distance information, respectively, e.g. a HMQC-TOCSY and 
a HMQC-NOESY. However, as we have recently shown, a heteronuclear 3D in 
which both sources of information are present can be designed. In this 3D NMR 
experiment the HMQC sequence is modified in such a way that, just prior to 
acquisition, a proton TOCSY mixing period is inserted in the HMQC pulse se-
quence leading to HMQC(TOCSY). This 2D experiment can be combined with 
NOESY to obtain a 3D experiment, i.e. a HMQC(TOCSY)-NOESY [22,23]. 
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Figure 7.1: Pulse sequence for the 3D TOCSY-NOESY. The phase cycling 
used is as follows: a = y, -y (+TPPI); b = y, y (+TPPI); с = y, y; d = у, у; 
acquisition e = у, -у. 
Heteronuclear 3D NMR generally requires 1 5 N- or 1 3C-enriched material, a re­
quirement not existing for homonuclear 3D NMR. Most published applications 
of 3D NMR, showing the power of the method, involve 3D NMR of proteins, 
although 3D NMR has been applied to polysaccharides as well [15,24]. 
Here, we report on the application of TOCSY-NOESY spectroscopy to the anal­
ysis of nucleic acids. We have performed a 3D TOCSY-NOESY experiment on 
a DNA hairpin formed by the sequence 5'GTTCCA-AAC-TGGAAC3', which is 
part of the replication origin of the genome of the M13 phage, to our knowledge 
the first TOCSY-NOESY spectrum of a nucleic acid. Elsewhere, we presented 
an easy and concise method for describing the magnetisation and coherence 
transfer in 3D NMR experiments [21,22]. With this method a strategy was 
suggested for the interpretation of 3D TOCSY-NOESY spectra of proteins [13]. 
Here, we shall use it for and extend it to the analysis of the 3D TOCSY-NOESY 
spectrum of the DNA hairpin. 
7.2 Materials and Methods. 
The pulse sequence of the 3D TOCSY-NOESY experiment is given in Fig. 7 1 . 
The phase cycling used has been kept to a minimum. Time-proportional phase 
incrementation was used to achieve quadrature detection in the ti as well as in 
the t2-direction. 
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The 3D NMR experiment was performed on a Bruker AM600 spectrometer 
operating at 600 MHz and equipped with a 5mm proton probe. The spectral 
width in fi, f2 and f3 was set to 6024 Hz to fully cover the proton spectral range. 
The residual water signal was suppressed by irradiating the water resonance 
during the relaxation delay of 0.8 s. To minimize frequency offset effects it is 
desirable to use as strong a a radio frequency field as possible for the spin-lock 
mixing period. However, application of the same field strength for the MLEV17 
pulses as for regular 90° pulses leads to undesirable heating of the sample. Since 
the AM600 spectrometer offers the possibility to use two different high-power 
levels, we used the common, strong radiofrequency field for all the 90° pulses 
in the 3D NMR pulse sequence and a weaker field for the MLEV17 spin-lock 
mixing period; i.e. the 90° pulse length in the MLEV17 pulse sequence was 
equal to 40.0 /ÍS, while the duration of the other 90° pulses in the 3D-NMR pulse 
sequence was set to a value of 12.8 /xs. A mixing time of 76.3 ms was chosen 
for the MLEV17 spin-lock period to ensure sufficient mixing. This includes 
the 2.5 ms trim pulses directly preceding and succeeding the MLEV17 pulse 
sequence. The length of the NOESY mixing period was relatively long (300 ms) 
to obtain sufficient magnetization transfer. For each of the 99 ti values, FIDs 
were measured for 256 different t2 values. Each FID of 1024 data points (t3) 
was the accumulation of 12 scans, preceded by 2 dummy scans. The complete 
3D experiment took 6 days of which approximately 30% consists of disk I /O . 
All da ta processing was done on an Aspect 3000 computer using DISNMR 
and the 3D Fourier transformation software written by C. Griesinger. In the 
tj-direction the data were zero-filled from 99 to 512 data-points and in the t2-
direction from 256 to 1024 points. No zero filling was done in the t3-direction. In 
all directions the same window function was applied, i.e. a π/З shifted quadratic 
sine filter. After Fourier transformation and phasing to pure absorption, the 
real points were retained, giving a 3D NMR spectrum of 256 χ 512 χ 512 data 
points ( i.e. a 64 Mbyte data set). 
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7.3 Results and Discussion. 
To analyze 3D NMR experiments a scheme as presented in Fig. 7-2 is most 
useful. This scheme basically shows how to follow in a concise manner the 
coherence and/or magnetization transfer during the 3D pulse sequence [13,22] 
and is applied here to the 3D TOCSY-NOESY spectrum of an oligonucleotide. 
Fig. 7-2A shows, schematically, cross peaks that may appear in an fifj-plane, 
i.e. a plane perpendicular to the f2 axis of the 3D spectrum. The plane is 
assumed to cross the f2 axis at the H2" resonance position of sugar residue R. 
As follows from the transfer scheme in Fig. 7-2B, after frequency labeling in the 
fi direction, coherence is first transferred to H2" in the spin-lock mixing period; 
then frequency labeling occurs in the f2 direction. Subsequently, magnetization 
is transferred during the NOESY mixing period to other protons through NOE 
contacts, after which the coherence is detected during t3. Using this scheme 
it can easily be shown that, in the planes perpendicular to f2, intensity will 
fall on the diagonal, either if no transfer of coherence takes place at all (this 
intensity is designated the body diagonal cross peak; in Fig. 7-2A this is the 
cross peak situated at the point where the TOCSY-line, the NOE-line and the 
back transfer line cross; vide infra) or if coherence is transferred in the spin-lock 
mixing period from some proton to H2" and then during the NOE mixing time 
the magnetization is transferred back to that proton. In the special case where 
transfer occurs only during the NOE mixing time the magnetization ends up 
on a line parallel to f3 through the body diagonal, which may thus be called the 
NOE line. The line parallel to fj through the diagonal cross peak stems from 
magnetization that is transferred to H2" from other protons during the spin-
lock period. Because of the last condition this line may be called the TOCSY 
line (the terms TOCSY line, NOE line and back-transfer line, first introduced 
by Vuister et al. [1], are used here for consistency). 
Since the cross peaks on the TOCSY line evolve due to coherence transfer during 
the spin-lock mixing period only, they are related to protons being part of a 
network of J-coupled spins involving the H2" proton. In Fig. 7-2 only those 
protons have been incorporated which are directly coupled to the H2" proton. 
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C. 
TOCSY NOESY shorthand notation 
HV 
H2' 
H2" 
H3' 
H4' 
H5' 
H6" 
H2" H2" sl(R) H2"(R) H2"(R) 
8KR(H2")) H2" 
НГ 
H2' 
H2" 
H3" 
Н6І/Н І 
Нба/Ηββ 
al(R) H2"(R) [HVjœ'.W.He/HeKR). 
|H6/H8)(R*1) 
D. 
/N 
TOCSY-lln· back transfer line 
H6s H6I 
Ηββ ΗΘΙ 
• · 
• · 
• · 
• · 
· · · · 
НГ 
НГ 
• 
• 
• 
• 
НЗ' 
нз· 
• 4 
• I 
•F ( 
•Г ( 
· . ! 
H2' / 
Η2· / 
» (Г Н2' 
» •» Н2' 
> · НЗ' 
» · НЗ' 
: · · н йг 
NOE Un« 
-> t. 
236 Chapter 7 
Figure 7.2: Magnetization-transfer scheme of the TOCSY-NOESY experiment 
for an oligonucleotide. A: An f^ plane is shown which is assumed to cross the f2-
axis at the position of a H2" resonance of sugar residue R of an oligonucleotide. 
The signs in the spectrum used for the cross peaks correspond to those in B. B: 
The transfer scheme showing the transfer routes leading to the cross peaks in 
the fifa plane shown. Cross peaks on the NOE-line, the TOCSY-line and the 
diagonal and relay peaks are labeled separately and correspond to the labels 
shown in A. C: Shorthand notation for the transfer scheme ofB. The full transfer 
scheme is shown on the ¡eft and the corresponding shorthand notation on the 
right. D: The fif3 plane for the case where the resonance positions of two H2" 
protons belonging to different sugar residues overlap. 
This is a restriction which does not necessarily occur in practice but has been 
made for reasons of clarity. In general the cross peaks on the TOCSY line form 
a pattern of the network of spins which are all coupled, directly or indirectly, 
to the H2" proton; i.e. ideally this spin-lock pattern is generated by all protons 
from the sugar residue R. Thus the spin-lock pattern on the TOCSY-line can 
be viewed as a finger print of that residue. We will designate this spin-lock 
pattern of sugar residue R, sl(R). With this notation the generation of the cross 
peak pattern on the TOCSY line can thus be written in shorthand notation 
as sl(R)—>H2"(R)—>H2"(R), as indicated in the coherence-transfer scheme of 
Fig. 7-2C. The interesting feature of the TOCSY-NOESY experiment is that 
in the ^ ί 3 plane this spin-lock pattern, sl(R), should reappear parrallel to the 
fi-axis at the resonance position of each proton which has a NOE contact with 
the H2" spin, as follows directly from the coherence-transfer scheme shown in 
Fig. 7-2C. As expected from the structure of the DNA molecule, H2" of R 
may have intraresidue NOEs to, for example, H2', H I ' , H3' and H6/H8. In 
addition, interresidue NOEs may exist to, for example, H6/H8 of R + l . In 
shorthand notation all cross peaks in this fif3 plane can then be summarized as 
sl(R)-»H2"(R)-»[Hl',H2',H2",H3 ,,H6/H8](R),[H6/H8](R+l) (see Fig. 7-2C). 
The repeating spin-lock pattern is an extremely useful feature of a TOCSY-
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Figure 7.3: An fj3 plane (А) and an fj2 plane (B) from the TOCSY-NOESY 
spectrum of 5' d G^TsCidAs-A^A^Cs-T^GuGxiA^A^C^', through the 
H2" resonance position of residue T3. Note that in (A) the spin-lock pattern 
of residue T3 repeats at different f3 positions (see text). 
NOESY spectrum, since it can be exploited to distinguish between protons of 
which the resonances are overlapping. Since the spin-lock pattern represents 
a finger print of a sugar residue, overlapping proton resonances can be distin­
guished as long as the corresponding spin-lock patterns are not identical. This 
is exemplified in Fig. 7-2D, where in a fif3 plane cross peaks are schematized 
which are expected for two overlapping H2" resonances. 
A practical example of a ίχί3 plane taken from the 3D TOCSY-NOESY spectrum 
recorded for the DNA hairpin formed by 5' G^TaCiCsAe-AT-AgCs-TjoGnG^-
A13A14C15 3' is depicted in Fig. 7-3A. In the ί^3 plane which intersects the 
f2-axis at the H2" resonance position of residue T3, the sl(T3) pattern of the 
H2" is seen to repeat at the resonance positions of H I ' , H2', H3' as well as H6 
of T3, respectively. In addition, sequential NOEs are observed, for instance the 
spin-lock pattern is also seen at the resonance position of C4H6. 
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The spin-lock pattern, sl(R), will also appear in the fif3 planes that cross the 
f2 axis at resonance positions of the other protons belonging to sugar residue 
R. The 3D TOCSY-NOESY spectrum can thus be considered as a collection 
of spin-lock patterns. For each sugar residue in the DNA sequence, a different 
set of identical spin-lock patterns will occur. Spin-lock patterns of each set 
repeat at certain f2 and f3 resonance positions, depending on existing N O E 
contacts of the protons belonging to that residue. Thus, with each sl(R) a 
number of resonance positions are associated that identify the positions of the 
N O E contacts. In fact, a two-dimensional graph of these positions represents 
a regular NOESY spectrum, but with the advantage that with each cross peak 
thus obtained, a spin-lock pattern is associated. 
A sequential assignment using the H6(H8) to H2',H2" NOEs can then be 
achieved according to well established schemes [25]. One expects, that for an 
fif3 plane through H2" of R, sl(R) will show up in the aromatic region for an 
intra- as well as for an inter-residue NOE contact. If no overlap of aromatic 
residues exists the situation is particularly simple. One searches for another 
fxf3 plane through an H2" resonance in which a spin lock pattern lies at the 
same H6 resonance position as in the former fif3 plane (plane hopping). Then 
s l (R)->H2"(R)-+H6(R+l) matches s l (R+l)-4H2"(R+l)->H6(R- |- l ) when go­
ing in the 5'-3' direction. In Figs. 7-4A, 7-4C, and 7-4D the sequential assign­
ment is shown using this approach. For example, Fig. 7·4Α is an fif3 plane at 
the f2 frequency of the H2" proton of residue A13. The spin-lock pattern of this 
residue, sl(A13), is repeated at the f3 frequency of the aromatic proton of A13 
itself, but also at the f3 frequency of the aromatic proton of the neighbouring 
residue A14. In Fig. 7-4C, the ί
χ
ί 3 plane at the f2 frequency of the H2" proton 
of A14, the spin lock pattern of A14, is seen at the f3 frequency of the aro­
matic proton of A14. The next residue can be found in a similar fashion (Fig. 
7-4E). The search for the next fif3 plane with the signals from the sequential 
residue may be facilitated by utilizing fif2 planes. In the fif2 plane through the 
[H6/H8](R+1) resonance position, (going in the 5'-3' direction) s l ( R + l ) will 
appear at the H2"(R-(-l) resonance position when an intraresidue NOE contact 
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Figure 7.4: Three-dimensional sequential connectivities for the 3D TOCSY-
NOESY spectrum of 5' d G1T2T3C4C5A6-A7A8C9-T10G„G12A13A14Ci53'. In A, 
С and E fifa cross sections are given at the f2 frequencies of the sequential 
H2" protons of residues A13, A14 and C15 respectively. B, D and F show the 
fif2 planes through the H6(R+1) resonances positions, which may facilitate the 
sequential assignment as is explained in the text. 
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is involved, whereas due to the interresidue NOE contact at the H2"(R), sl(R) 
will appear. This can easily be derived using a coherence transfer scheme simi­
lar to that in Fig. 7-2. In the f,f2 plane through H6(R+1), s l ( R + l ) appears at 
H 2 " ( R + 1 ) as follows from the route s l ( R + l ) - » H 2 " ( R + l ) ->H6(R+1), and at 
H2"(R), sl(R) is generated as follows from the route s l(R)->H2"(R)->H6(R+l). 
The f^ plane through H6(R+1) thus provides directly the resonance position 
of the sequential H2" and the position of the next ί^3 plane. This procedure 
is exemplified for 3D TOCSY-NOESY of the DNA hairpin in Fig. 7 4 as well. 
Figs. 7-4B, 7-4D and 7-4F are fif2 planes through aromatic protons. Fig. 7-4B 
provides the resonance position of the sequential H2", which is used to obtain 
the next fif3 plane (Fig. 7-4C), which in turn provides the next sequential 
H6/H8 position. Subsequently, from the ftf2 planes through the latter H6 res­
onance position the next sequential H2" resonance position is found, providing 
for the next fif3 plane. 
The spin lock patterns originating from the aromatic residues may be used to 
further identify a nucleotide. They fall into three categories, (a) The purines 
guanine (G) and adenine (A) have only aromatic protons without J-coupled 
partners. The spin-lock pattern originating from H8 of G and H8 of A thus 
consists of only one cross peak, (b) The H6 and H5 protons of cytosine (C) 
are J-coupled and lead to a spin-lock pattern of two cross peaks, i.e. one 
cross peak residing in the aromatic region and the other in the H I ' resonance 
region, (c) The H6 of thymine (T) is J-coupled to a methyl, so that a spin-
lock pat tern will evolve consisting of two cross peaks, one cross peak in the 
H6 resonance region and one cross peak in the methyl resonance region. We 
designate these spin-lock patterns sl(G), sl(A), sl(C) and sl(T) for G, А, С 
and T, respectively. Fig. 7-3A shows an fif3 plane taken from the 3D TOCSY-
NOESY spectrum, through H2" of T3, side by side with an f^ plane (Fig. 7-3B) 
through H2" of T3. In the fif3 plane it is seen that T 3 has two NOE contacts 
with resonances in the aromatic region. The ftf2 plane through H2" shows at one 
of these resonance positions a single cross peak on the diagonal and at the other 
resonance position one cross peak on the diagonal, but, in addition, vertically, 
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Figure 7.5: An £& plane from the TOCSY-NOESY spectrum of 5' d 
GjTzTaCíCsAe-ATAeCg-TioGaGjíAiaAuQsS' through the H3' resonance po-
sition of residue A14. 
another cross peak at the H I ' region, where the H5 resonances reside. In fact, 
one NOE contact is to the H6 resonance of T3 and one NOE contact is sequential 
to C4. In the fif2 plane the spin-lock pattern of the NOE contacted protons 
appears as follows from the coherence-transfer scheme, which in this case is, 
з1(Т)- [ Н
л
] ( Т З ) ^ Н 2 " ( Т З ) and s l(C)^H6(C4)->H2"(T3). In conjunction with 
the known sequence of the oligonucleotide the knowledge of these spin-lock 
patterns helps to further certify the sequential assignments and may assist in 
establishing whether a NOE contact from H2" to an aromatic proton is intra-
or interresidue. 
The most salient advantage of 3D TOCSY-NOESY over 2D NOESY lies in the 
possibility to assign also the very crowded region of H4', H5', H5" resonances. In 
Fig. 7-5 an example is shown of an ί^3 plane through the H3' resonance position 
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of A14 (vide infra). From this and other planes the H4', H5' and H5" protons 
could be assigned. Finally, it is noted that because overlap is reduced in the 3D 
TOCSY-NOESY spectrum compared to a 2D spectrum, it is possible to obtain 
N O E distance information, not available otherwise in 2D spectra, since this is 
still reflected in the cross-peak intensities. This information is a prerequisite 
for the stereospecific assignment of the H5' and H5" resonances, which can be 
achieved when information about the torsion angle 7 is also available. As an 
example in Fig. 7-5 an fif3 plane is shown through the H3' resonance position 
of residue A14, which is in the stem of the hairpin. In general in B-type DNA 
hairpins the torsion angle 7 is in the gauche(+) range, which leads to the 
assignment of the the resonance position of the H5" proton of residue A14. 
7.4 Summary. 
Three-dimensional TOCSY-NOESY spectroscopy proves to be an excellent method 
for obtaining spectral assignments in nucleic acids. The inclusion of a TOCSY 
mixing period in the 3D sequence is very helpful because it provides for the 
possibility to identify the resonances belonging to one spin system. In effect, 
the 3D TOCSY-NOESY spectrum can be regarded as a collection of spin-lock 
patterns that are connected via NOEs. This may allow the identification of all 
proton resonances including those in the very crowded 4', 5', 5" region. Full 
advantage of the fact that the sl(R) pattern of each residue acts as a fingerprint 
for a sugar residue can be taken only if complete transfer occurs through the 
sugar residue during the spin-lock mixing period. For large molecules the spin-
lock mixing becomes inefficient due to the smaller T2 relaxation time. One 
could take advantage for such large molecules of the large C13-C13 coupling 
constant of 30 to 40 Hz. With СІЗ-enriched material sufficient relaying will 
ensue already upon mixing times of the order of 15 ms. This makes it possible 
to apply this method to molecules of a size up to 25kDa. 
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Chapter 
Folding of the origin of replication of the 
bacteriophage M13: NMR studies on the 
hairpin d(GTTCCA-AAC-TGGAAC). 
Abstract. 
The structure of a DNA oligonucleotide with a sequence corresponding to a part 
of the plus strand of the origin of replication of the filamentous bacteriophage 
M13 is studied by one-, two- and three dimensional NMR experiments and the 
variable target algorithm DIANA. The DNA fragment is a 15-residue synthetic 
oligonucleotide formed by d(GTTCCA-AAC-TGGAAC). This nucleotide forms 
a hairpin with a three-membered loop. In the loop region only a limited num-
ber of interresidue NOE connectivities were found which resulted in a poorly 
defined loop structure. Even if a set of about 800 lower distance constraints 
of 3.5Â is incorporated into the input data set for the variable target calcula-
tions the loop structure is not much better defined than before. The situation 
improves somewhat when the socalled gauche effect is taken into account. The 
conformational space sampled by the loop of the title compound is restricted 
however. This is clearly seen by comparison with the space sampled by earlier 
studied three-membered loops. 
Margret M.W. Mooren, Maria J.P. van Dongen, Sybren S. Wijmenga, Gijs A. van der 
Marel, Jacques H. van Boom and Cornells W. Hilbers manuscript in preparation. 
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8.1 Introduction. 
Extensive structural studies performed on DNA hairpins were mainly focussed 
on molecules with an even number of nucleotides in the loop region. In our lab-
oratory elaborate studies were performed on DNA hairpins with four-membered 
loops. The results have demonstrated that nucleotide sequence and composition 
have a marked influence on loop folding and hairpin stability. Hence, we found 
that under certain conditions a base pair between the first and the last base of 
the loopis formed, while sometimes one of the central residues may be turned 
into the minor groove.. Here, we extend these studies and investigate hairpin 
conformations with an odd-numbered loop sequence; we started an investigation 
on the oligonucleotide with the sequence d(GTTCCA-AAC-TGGAAC), which 
forms a hairpin with a three membered loop. This hairpin is also interesting 
from a different point of view. The oligonucleotide is part of the replication ori-
gin of bacteriophage M13. Because it is expected that the possible structures, 
available to nucleic acids are important in the cellular processes, this hairpin 
has been subjected to elaborate biochemical analyses [1-4]. Nevertheless very 
little is known about the overall DNA folding in the region of the replication 
origin. 
The replication cycle of the single stranded M13 bacteriophage DNA can be 
divided into various stages. The bacteriophage encoded gene II protein is in-
volved in the initiation, elongation and termination of the replication process. 
The protein is able to precisely cleave the (+) strand DNA in the intergenic 
region between gene II and gene IV [5]. The replication origin of the bacte-
riophage is found around this cleavage site. In a previously published paper 
[6] small synthetic oligonucleotides surrounding the sequence of the core do-
main of the M13 replication origin were studied by means of chemical and 
enzymatic structure mapping and by biophysical techniques. The biochemi-
cal structure mapping experiments pointed out that the oligonucleotide formed 
by d(GTTCCA-AAC-TGGAAC) is compactly folded, most likely in a hairpin 
structure. The oligonucleotide is cleaved by Sl-nuclease only at residue A7 (the 
numbering of the residues is given in Fig. 8-1). UV melting spectroscopy re-
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suited in a melting temperature of 57° С. The melting curve was concentration 
independent, which is indicative of a mono-molecular transition. Preliminary 
NMR results indicated the formation of a hairpin with a stem with six base 
pairs and a three-membered loop. The exchange rate of the imino proton of 
the A6-T10 base pair with the solvent is high, indicating that the imino proton 
of T10 is easily accesible to the solvent. 
In this paper a more elaborate analysis of the NMR spectra of this stable 
oligonucleotide d(GTTCCA-AAC-TGGAAC) will be presented. Three-dimen­
sional NMR spectroscopy has resulted in a nearly complete assignment of the 
proton resonances (see Chapter 7) [7]. In the NOES Y spectra only a very 
few interresidue NOE contacts are observed between resonances belonging to 
protons in the loop region. This is either a result of absence of short distances 
between the loop residues or of flexibility of the loop region. Therefore, the 
loop structure of this hairpin, as calculated by distance geometry calculations 
and energy minimizations is not very well defined. 
8.2 Materials and Methods. 
8.2.1 Exper imenta l . 
The oligonucleotide formed by d(GTTCCA-AAC-TGGAAC) was synthesized 
via the phosphotriester method [8]. NMR samples were prepared by dissolving 
the three fold lyophilized oligonucleotide to a concentration of 7 шМ in a D 2 0 
solution containing 25 mM sodium phosphate, 1 mM sodium cacodylate and 
0.05 mM EDTA at pH=6.8. NaCl was added to a total sodium concentration of 
200 mM. A similar 3 mM sample in a 95% H 2 0 / 5 % D 2 0 solution was prepared. 
The 400- and 600 MHz 41 NMR spectra were recorded on Bruker AM400 and 
AM600 spectrometers, respectively, which were interfaced to ASPECT-3000 
computers. ID spectra of the sample dissolved in H 2 0 were recorded at several 
temperatures in the range from 277 to 308K with 16K datapoints. Spectra 
were recorded with a time-shared long pulse [9]. Before Fourier transformation 
the FIDs were subjected to data shift accumulation. The NOESY spectrum 
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of the sample dissolved in H 2 0 was recorded at 284K. Suppression of the H 2 0 
resonance was achieved using a l l jump-return pulse sequence [10]. A spectral 
width of 13158 Hz was used. The spectrum was acquired with 2K points in 
the t 2 - and 256 points, zerofilled to IK in the ti-direction, with a mixing time 
of 400 ms. Prior to Fourier transformation the spectrum was apodized with a 
Lorentz-Gauss window function in the t2- and with a shifted squared sine bell 
window function in the indirection. Phase sensitive 600 MHz NOESY spectra 
of the sample dissolved in D 2 0 were recorded at room temperature, with a 
spectral width of 6024 Hz, using mixing times ranging from 75 to 700 ms. The 
spectra were acquired with 4K points in the t 2 - and 512 points, zerofilled to 
IK points, in the tj-direction. Before Fourier transformation the spectra were 
multiplied with a Lorentz-Gauss window function in the t 2- and with a shifted 
squared sine bell window function in the tj-direction. The 600 MHz double 
quantum filtered correlation spectrum (DQF-COSY) [11] was recorded at 298K 
with a spectral width of 6024 Hz. The spectrum was acquired with 4K points 
in the t 2 - and 512 points, zerofilled to IK points, in the ^-direction. The time 
domain data in both directions were multiplied with shifted sine bell functions 
before Fourier transformation. A I D 3 1P-spectrum was recorded on a Bruker 
AM400 spectrometer. Protons were broad-band decoupled during acquisition, 
using Waltz-decoupling. Α ' H - 3 1 P hetero-correlation spectrum was recorded 
on a Bruker AM400 spectrometer, operating in the inverse mode, at 298K. 
The pulse scheme as proposed by Sklenar et al. [12] was used, leaving out the 
180° pulses to saturate the proton magnetization. Only axial peak suppression 
was used in the phase cycling list. The spectrum was recorded with a sweep 
width of 4000 Hz and was acquired with 2K points in the t2-direction and 344 
points, zerofilled to IK points in the ti-direction. Per FID 500 scans were 
accumulated. The time domain data were multiplied with shifted squared sine 
bell functions before Fourier transformation. A 3D TOCSY-NOESY spectrum 
was recorded on a Bruker AM600 spectrometer. Experimental parameters have 
been described in great detail in Chapter 7 and [7]. 
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8.2.2 C o n f o r m a t i o n a l Analys i s . 
The analysis of the three dimensional structure of the hairpin was performed 
using the distance- and torsion angle information obtained from the NMR spec­
tra. Interproton distances in the stem and the loop of the hairpin were derived 
via calculations with the N02DI program [13]. The intensities of the NOESY 
cross peaks which serve as input for N 0 2 D I , were determined by means of the 
integration routine running on a Bruker X32 computer. The calculations were 
performed with a rotation correlation time of 1.8 ns, a resonance frequency of 
600 MHz and mixing times of 125 and 300 ms, respectively. The NOEs be­
longing to the H5-H6 proton pairs of cytosine were used for calibration. The 
pseudorotation parameters, Ρ and ф
т
, and the fraction of S-type conformers 
of the sugars, x
s
, were estimated, using the graphical method, introduced by 
Rinkel et al. [14]. The ranges allowed for the torsion angles β, -y, ε and χ were 
derived from NOE intensities and J-coupling constants as described in great 
detail in [15,16] (see also Chapters 6 and 9). Subsequently, the variable target 
algorithm DIANA [17], running on a CONVEX-C120 computer, was used for 
structure calculations. The program was adapted in our laboratory to incorpo­
rate variable instead of fixed sugar puckers (see Chapter 6). In order to obtain 
a regular helix, B-DNA constraints for distances as well as torsion angles were 
used in the stem. It is noted in passing that the lower- and upper distance 
bounds were created by taking standard sequential B-DNA values as given in 
[18] and subtracting and adding 0.1 A, respectively. The torsion angle bounds 
of the stem were generated on basis of the standard B-DNA values as given 
in [19]. For the loop the interresidue distances as derived from N 0 2 D I were 
used, whereby the lower- and upper bounds were defined as the distances cal­
culated by N 0 2 D I , minus 10% and plus 20%, respectively. The allowed torsion 
angles ranges in the loop were derived from the NMR data (vide infra). For the 
stem the DIANA input included 78 upper- and 78 lower distance constraints, 
including 30 upper and lower distance constraints for Η-bonds and 79 dihedral 
constraints. In the loop 18 upper and 22 lower distance constraints were used 
and 15 dihedral constraints were incorporated. Stereospecific assignments for 
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26 out of a total of 30 CH2 groups were given. CORMA calculations [20] were 
performed to calculate the dipole-dipole relaxation matrix for the system and 
to convert this matrix to intensities expected for a NOESY spectrum. These 
calculated and the experimental NOE intensities were compared. Because no 
agreement could be reached after the initial DIANA calculations between the 
calculated and the experimental NOE intensities (vide infra), lower distance 
constraints were set to 3.5À for all the atom pairs in the loop for which no 
NOE was observed in the spectra. In the subsequent DIANA calculations the 
input included 78 upper and 836 lower distance constraints in the loop. For 
each conformation the target function was minimized at levels 0 to 14. The 
minimization at level 14 was done five times. The weighting factors for explicit 
upper- and lower distance limits were set to 1.0 and the weighting factor for 
dihedral angle constraints was set to 50 A2. The weighting factor for the van der 
Waals constraints was in first instance equal to 0.2 but for the third minimiza-
tion step at level 14 it was increased to 0.5, for the fourth step it was increased 
to 1.5 and for the final step at level 14 to 5.0. In first instance the maximal 
number of target function evaluations was set to 100 while for the second step 
at level 14 it was set to 200 and for the last three steps at level 14 it was set to 
300. Energy minimizations were performed on a Silicon Graphics Iris 4D-25G 
work station, using version 3-2-1 of the program Quanta (Polygen), which uses 
the Charmm force field. The default criteria of the Quanta program were used 
to finish a minimization (see Quanta manual). 
8.3 Results and Discussion. 
8.3.1 S p e c t r u m interpretat ion. 
The assignments of the exchangeable resonances of d(GTTCCA-AAC-TGGAAC) 
were achieved by means of a NOESY experiment, recorded for the sample dis-
solved in H 2 0 . The results have already been discussed before [6]. Six separate 
resonances were observed for the imino protons between 15 and 11 ppm, in-
dicating that the hairpin consists of a stem with six base pairs and a three 
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membered loop. The exchange rate of the imino proton of residue T10 with 
the solvent is high. This indicates that the imino proton of T10 is transiently 
accessible to the solvent. 
The non-exchangeable base- and sugar ring protons of the hairpin have been 
assigned by analysis of the TOCSY-NOESY and the NOESY spectra, recorded 
in D 2 0 . An example of the sequential assignment, using the H6/H8 to H2" 
NOEs has been given in Chapter 7 [7]. In the fif3 plane through the H2" proton 
of residue R, the spin lock pattern of the sugar moiety of residue R (sl(R)) will 
show up in the aromatic region for an intra- as well as an interresidue N O E 
contact. In a different fif3 plane through the H2" resonance of a second residue 
a spin lock pattern lies at the same H6/H8 resonance position as in the former 
fif3 plane ('plane hopping'). In fact, the f^ plane through the H6/H8 resonance 
of the neighbouring residue provides the resonance position of the sequential 
H2" proton and the position of the next fif3 plane (see Chapter 7). 
An expanded contour plot of the 300 ms 2D-NOESY spectrum of d(GTTCCA-
AAC-TGGAAC), establishing distance connectivities between the base protons 
and the sugar H I ' and cytidine H5 protons is given in Fig. 8-1. In this part 
of the 2D-spectrum, a sequential assignment approach may be followed, using 
the standard sequential assignment procedures [21-23]. The assignments can 
be started at the 5'-end of the hairpin with the H8-H1' cross peak of residue 
G l . Following the indicated steps (Fig. 8-1), the assignment may go on until 
the loop residue C9 is reached, for which it is possible to assign the H6 and 
H I ' resonances, but it is not possible to make the connection to the H6 proton 
of T10. On the other hand, when starting at the З'-end with the H6-H1' cross 
peak for C15, a sequential connectivity pattern proceeds until the H6-H1' cross 
peak of T10 is reached. The remaining cross peak intensities correspond to 
the NOEs between the H5 and H6 protons of cytidines, as confirmed by their 
appearance in a DQF-COSY spectrum and to the NOEs between adenosine H2 
on one hand and H I ' or cytidine H5 protons on the other hand. The sequential 
interresidue connectivities, obtained for the loop residues of the hairpin and for 
the base pair residues which close the loop, are schematized in Fig. 8-2. The 
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Figure 8.1: Part of the 600 MHz phase sensitive NOESY spectrum of 
d(GTTCCA-AAC-TGGAAC), dissolved in D20, exhibiting cross peaks between 
Η6/Π8 and HI ' protons. The mixing time was 300 ms. The sequential assign­
ment of the cross peaks is indicated. The drawn hnes represent the intra-residue 
connectivities, the dashed lines the sequential connectivities. 
stereospecific assignment of the H2' and H2" resonances was achieved after 
analysis of the J-coupling patterns of the Hl '-H2'/H2" multiplets in a DQF-
COSY spectrum and from the intensities of the corresponding cross peaks in 
NOESY spectra, recorded with shorter mixing times. The DQF-COSY and 
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C5 A6 A7 A8 
H1'(¡)-H6/H8(l+1) ·" " · · · 
H2'(i)-H6/H8(i+1) · · · · 
H2"(i)-H6/H8(!+1) · m m · 
Figure 8.2: Connectivity diagram in which the appearance of NOE cross peaks 
between neighbouring residues is indicated for the loop residues. Solid lines 
correspond to the appearance of (relatively) strong NOE cross peaks, the dashed 
line represents the presence of a weak cross peak and the blank regions indicate 
the absence of NOEs. 
the TOCSY-NOESY spectra were subsequently used to assign the remaining 
furanose ring protons. In the TOCSY-NOESY spectrum it is possible to observe 
NOE connectivities between H3' on one hand and the H4', H5' and /or H5" 
protons on the other hand. In 2D spectra these cross peaks are often unresolved 
because of overlap, but in a 3D spectrum they can be labeled with H I ' resonance 
frequencies and as a result they fall in a relatively empty region of the spectrum 
[7]. During the TOCS Y period the H3' proton is, among others, connected 
to the H I ' proton. The resulting coherence is translated into magnetization, 
labeled with both the H3' and HI ' resonance frequencies, which is transferred to 
for instance the H5" position in the NOESY mixing period. Hence, cross peaks 
are observed representing the H3'-H5" NOE connectivities at the {χ position of 
the H I ' proton. For an example see Chapter 7 and [7]. 
The final assignments are given in Table 8-1. As can be seen in this Table, 
a stereospecific assignment for the H5' and H5" resonances has been achieved 
for the most important residues in the hairpin. This stereospecific assignment 
C9 T10 G11 
• · · 
• · · 
• · · 
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Residue 
Gl 
T2 
ТЗ 
С4 
С5 
А6 
А7 
А8 
С9 
TÍO 
G l i 
G12 
А13 
А14 
С15 
Н6 
Н8 
7.89 
7.44 
7.44 
7.52 
7.21 
7.79 
8.09 
8.11 
7.55 
7.29 
7.82 
7.72 
8.06 
7.99 
7.18 
HI ' 
5.99 
6.16 
6.14 
5.90 
5.48 
5.91 
5.49 
6.07 
6.08 
5.68 
5.49 
5.53 
5.96 
6.11 
5.97 
Н2' 
2.70 
2.22 
2.24 
2.10 
1.42 
2.33 
2.46 
2.52 
2.12 
1.98 
2.60 
2.57 
2.63 
2.49 
2.01 
112" 
2.78 
2.63 
2.60 
2.40 
1.97 
2.44 
2.46 
2.37 
2.48 
2.36 
2.66 
2.70 
2.85 
2.79 
2.09 
НЗ' 
4.78 
4.88 
4.89 
4.80 
4.67 
4.86 
4.84 
4.78 
4.67 
4.67 
4.92 
4.98 
5.02 
4.94 
4.40 
Н4' 
4.21 
4.28 
4.22 
4.15 
3.98 
4.31 
4.22 
3.92 
4.23 
4.11 
4.28 
4.32 
4.39 
4.38 
3.97 
Н5' 
3.78 
(4.14) 
(4.12) 
(4.11) 
(4.05) 
3.98 
(4.03) 
3.85 
3.98 
3.97 
4.04 
4.13 
(4.11) 
4.19 
4.22 
Н5" 
3.72 
(4.14) 
(4.12) 
(4.11) 
(4.05) 
3.90 
(4.03) 
3.70 
3.84 
3.95 
4.01 
4.08 
(4.18) 
4.17 
4.01 
Н5 
Me 
Н2 
_ 
1.31 
1.63 
5.69 
5.61 
7.80 
(7.44) 
5.75 
1.83 
-
-
5.15 
Table 8.1: Chemical shifts, observed for the non-exchangeable proton reso­
nances of d(GTTCCA-AAC-TGGAAC) at 298K. The chemical shifts, given 
in ppm, are relative to DSS. The assignments given between parentheses are 
ambiguous. 
is coupled to the determination of the values adopted by torsion angle 7 as 
described in foregoing chapters [15,16]. 
Fig. 8-3 shows the 4 I - 3 1 P correlation spectrum of d(GTTCCA-AAC-TGGAAC). 
The assignments of the 3 1P-resonances, which were obtained after completion 
of the assignments of the 'Η-resonances, are indicated. The ' H - 3 1 ? spectrum is 
important for the determination of the torsion angle β and, to a lesser extent, 
for the determination of torsion angle ε (vide infra). 
8.3.2 Structure determinat ion. 
Examination of the NOE cross peaks showed that the stem deviated only 
marginally from a standard B-DNA type structure. Therefore, in the dis­
tance geometry calculations typical B-DNA like distance- and torsion angle 
constraints were used in the stem (see Materials and Methods). The inter-
residue NOE connectivities which form the basis for the determination of the 
d(GTTCCA-AAC-TGGAAC) 2 5 5 
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Figure 8.3: lH-31P correlation spectrum of d(GTTCCA-AAC-TGGAAC). The 
assignments of the phosphorous resonances as well as the correlated H3\ H4', 
H5' and H5" resonances is indicated. 
conformation of the loop region are schematized in Fig. 8-4. It is remarkable 
that only very few internucleotide contacts are observed beyond the s tandard 
sequential Hl '/H2'/H2",-H6/H8 1 + 1 connectivities which are found in the dinu-
cleotide steps A6-A7 and A7-A8. In the A6-A7 step two additional cross peaks 
have been observed; one between A6H1' and A7H5' or A7H5" and the other 
between A6H2" and A7H5' or A7H5". Discrimination between the A7H5' and 
A7H5" protons is impossible because these protons most probably resonate at 
the same position. In a regular B-DNA helix the distances between HI',· and 
H5", + i and between H2", and H5",+i are short enough, i.e. 3.0 and 4.0 A, re­
spectively [18] to become manifest in a NOES Y spectrum, recorded with longer 
mixing time. Because a standard sequential assignment of the aromatic pro-
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Figure 8.4: Schematic representation of the loop region of the hairpin formed 
by d(GTTCCA-AAC-TGGAAC). The connectivities observed between the non-
exchangeable protons of the loop section are indicated by solid lines, connecting 
the protons in the different residues. Weak NOE connectivities are indicated 
by a dotted line. The dashed line represents the ambiguity of the assignment 
of the H2 proton of either residue A7 or residue A8 (see text). 
tons and the H l ' / r I 2 ' / H 2 " protons can be performed it is reasonable to assume 
that residue A7 stacks upon A6 in a B-DNA like fashion. This supports the 
assumption that the mentioned NOE connectivities are between A6H1'/H2" 
and A7H5", but this is of course not entirely sure. Furthermore, a long range 
contact between A6H2 and C9H5 is observed. In the dinucleotide step A7-A8 
a A7H1'-A8H5" NOE is observed, but the A7H2"-A8H5" NOE is lacking. Be­
tween residues A8 and C9 neither standard sequential connectivities nor other 
interresidue NOEs are found, indicating that at this point the helical struc­
ture is discontinued, and thus strongly deviates from a B-type conformation. 
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An interresidue NOE is detected between the H5 resonance of C9 and the H2 
resonance of residue either A7 or A8. Normally, the adenosine H2 resonances 
may be identified from the NOES Y spectrum, recorded in H 2 0 through their 
connectivities with the resonance from the thymidine or uracil imino proton in 
the same base pair. Residues A7 and A8 are not involved in base pairing and 
therefore the assignment cannot be performed via this protocol. In the C9-T10 
step the C9H1'-T10H6 and C9H2"-T10H6 sequential connectivities are present 
and additionally а С9НГ-Т10Н4' NOE cross peak is found. After integration 
of the cross peak intenstities and the N 0 2 D I calculations, the distance con­
straints, derived from the mentioned set of NOE connectivities served as part 
of the input for the distance geometry calculations. 
The parameters remaining to be determined are the pseudorotation parame­
ters, Ρ and ф
т
, and the torsion angles β, η, ε and χ. The pseudorotation 
parameters were estimated using a graphical method [14]. The J-coupling 
constants J(1'2') and J(1'2") were determined from the Hi'-multiplets in a 
I D spectrum, while an estimation for Σ 2 ' ( = J ( 1 ' 2 ' ) + J ( 2 ' 3 ' ) + J ( 2 ' 2 " ) ) and Σ 2 " 
( = J ( r 2 " ) + J ( 2 " 3 ' ) + J ( 2 ' 2 " ) ) was made from the cross sections through the Η Γ -
H2'/H2" cross peaks in a DQF-COSY spectrum. The data showed that the 
percentage of S-type sugars is more than 85% for all residues with P-values 
around 150° and ф
т
 values around 35". 
Torsion angle β can be monitored by the hetero-coupling constants J (H5 'P) 
and J ( H 5 " P ) . Furthermore, if β adopts a trans and y a gauche(+) value, a 
long range coupling J(H4'P) may become visible in a hetero-correlated 4 Ι - 3 1 Ρ 
spectrum [24]. For loop residue A7 it is unclear if the observed cross peak 
in the spectrum is between H5' and Ρ or between H5" and P, because of the 
overlap of the resonance positions of A7H5' and A7H5". Torsion angle β of 
A7 adopts a value around 150° when the coupling observed in the spectrum 
is J(H5'P) and a value around 210° when this is J ( H 5 " P ) . For residue A8 the 
coupling constants J(H4'P), J(H5'P) as well as J (H5"P) are relatively large and 
show a multiplet in the spectrum, although J(H5"P) is larger than J(H5 'P) . A 
thorough consideration of the relation between torsion angle β and the values 
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of the coupling constants shows that β falls between 100 and 135o, or between 
225 and 260". For residue C9 it is estimated from the cross sections through 
the multiplets of the ' H - 3 1 P spectrum that J(H5'P) is more or less equal to 
J ( H 5 " P ) , indicating that β of C9 is around 120° or 240°. In a first instance 
only a range around 240° which incorporates 220° was chosen for β because a 
value for β around 220° is more often observed than a value around 120°. 
The H5' and H5" protons of T10 resonate very near to each other which makes 
it impossible to decide to which proton the multiplet in the ' Η - 3 1 Ρ spectrum 
belongs. Depending on the assignment, β of T10 adopts a value around 150° 
or 210°. 
The determination of torsion angle 7 can be achieved by combining measured 
J(4'5') and J(4 '5") coupling constants with the intensities of NOE cross peaks 
between the resonances of the proton pairs H3'-H5', НЗ'-Нб", Н4'-Н5' and 
H4'-H5" [15,16]. The part of the DQF-COSY spectrum exhibiting cross peak 
multiplets between H4' and H5'/H5" protons is shown in Fig. 8-5. Only for 
residue C9 a large coupling constant J(4'5") of about 10 Hz is observed. In 
the NOESY spectrum H3'-H5', H3'-H5", H4'-H5' and H4'-H5" connectivities 
are present. This indicates that 7 of C9 adopts a value in the trans domain. 
On the basis of NOE and J-coupling patterns it was concluded that the torsion 
angles 7 of the remaining residues are in the gauche(+) domain. 
Torsion angle e is assumed to adopt a value between 175* and 240° for all 
residues, because no large long-range coupling constant J(H2'P) is observed in 
the Ή - 3 1 Ρ spectrum. 
On the basis of the Η6/Η8,-Η17Η27Η2'\ NOE intensities it was concluded 
that the glycosidic torsion angle χ is in the anti-orientation for all residues of 
the hairpin. Because in the loop more flexibility was expected than in the stem, 
for the loop residues a wider range for χ was permitted. 
In the initial structure calculations, performed with the variable target algo­
r i thm DIANA, the described torsion angle- and distance constraints were used 
as input. These constraints are given in Table 8-2. 
NOE back-calculations, performed with the program CORMA, revealed that 
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Torsion angle constraints. 
a 
ß 
7 
Ρ 
ε 
С 
χ 
stem 
l.b. u.b. 
-85 -45 
150 220 
25 85 
120 185 
175 225 
-115 -75 
-130 -90 
A6 
l.b. u.b. 
-85 -45 
150 220 
25 85 
120 185 
175 240 
30 330 
-130 -90 
A7 
l.b. 
30 
150 
25 
120 
175 
30 
-180 
u.b. 
330 
210 
85 
185 
240 
330 
-90 
A8 
l.b. 
30 
225 
100 
25 
120 
175 
30 
-180 
u.b. 
330 
260 
135 
85 
185 
240 
330 
-90 
C9 
l.b. 
30 
200 
150 
120 
175 
30 
-180 
u.b. 
330 
260 
210 
185 
240 
330 
-90 
T10 
l.b. u.b. 
30 330 
150 210 
25 85 
120 185 
175 240 
30 330 
-130 -90 
Distance constraints in the loop. 
Involved atoms 
A6H1' A7H8 
A6H2' A7H8 
A6H2" A7H8 
A6H1' A7H5" 
A6H2" A7H5" 
A6H2' A7H5" 
A7H1' A8H8 
A7H2' A8H8 
A7H2" A8H8 
A7H1' A8H5" 
A7H3' A8H8 
C9H5 A7H2 Ϊ 
or 
C9H5 A8H2 J 
C9H5 A6H2 
C9H1' T10H4' 
C9H1' T10H6 
C9H2" T10H6 
lower bound 
Â 
3.00 
2.50 
2.00 
3.00 
3.00 
4.00 
3.00 
2.50 
2.00 
3.50 
4.00 
3.00 
3.40 
3.00 
3.00 
2.00 
upper bound 
Â 
4.50 
5.00 
3.50 
5.00 
5.00 
5.00 
4.50 
5.00 
3.50 
5.00 
5.50 
4.00 
4.80 
5.00 
4.50 
3.50 
Table 8.2: Torsion angle- and distance constraints as used in the DIANA cal-
culations, which were performed prior to the addition of more than 800 lower 
bounds of 3.5 A. (l.b. means lower bound and u.b. means upper bound). The 
C9H5-A7H2 as well as the C9H5-A8H2 distance constraint are used as input for 
DIANA. In both cases numerous possibilities exist for the loop conformation. 
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Figure 8.5: Part of the 600 MHz DQF-COSY spectrum oí d(GTTCCA-AAC-
TGGAAC) in which the H3', H4', Н5' and Н5" protons are found. The multiplet 
pattern of the C9 H4'-H5" cross peak corresponds to a f trans conformation of 
the backbone. 
numerous short interproton distances were present in the calculated DIANA 
structures which did not give rise to corresponding intense cross peaks in the 
NOESY spectra. The absence of an NOE cross-peak may either indicate that 
the distance between the involved protons is larger than 4Â or that the NOE 
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intensity is quenched due to motion in that part of the nucleotide chain. Assum­
ing the first option is true, lower bounds were introduced for these interproton 
distances and set equal to 3.5A. DIANA and CORMA calculations were re­
peated, but every time DIANA was run again, a new set of violations was 
found, for which the interproton distance in the calculated model was short, 
but no corresponding NOE was observed in the spectrum. The torsion angles 
α and ζ of the resulting structures, which could not be determined by NMR, 
could not be confined to a small region, but were always found in the range 
between 30° and 330° for all the residues in the loop. It was not possible to 
define one or a few classes of structures on the basis of the very limited set of 
internucleotide NOEs, found in the loop of the hairpin. It was very surprizing 
that even after the addition of more than 800 lower bounds of 3.5À (non-NOEs) 
for all those proton pairs in the loop for which no NOE was found in the spec-
trum, a very large number of conformationally different structures was found 
for which no violations larger than 0.2À were detected. Torsion angles α and 
ζ of the loop residues, which were free to adopt values in the range between 
30° and 330°, were now found in a domain between 120° and 330°. This result 
is depicted in Fig. 8-6. For the dinucleotide steps A6-A7, A7-A8, A8-C9 and 
C9-T10 the value adopted by ζ has been plotted against the value adopted by 
the neighbouring torsion angle a. The points, indicated with a '.', are for the 
twenty best calculated DIANA structures. It is remarkable that, especially for 
the steps A7-A8 and A8-C9 several ζ trans - α trans combinations are found. 
Because the stereochemical interactions taken into account by DIANA are re­
stricted to van der Waals interactions, the socalled gauche effect [19,25] in which 
the ζ trans - a t rans conformation is forbidden is not incorporated. Therefore 
the result of the DIANA calculations is not too surprizing. It is worthy of note 
that ζ gauche(+) or a gauche(+) values are not found for the given best twenty 
structures after this set of calculations. 
To avoid the occurrence of combinations of torsion angles falling in domains 
forbidden by the gauche effect the ζ and a angles of all dinucleotide steps 
were forced into a gauche(-) conformation except those belonging to the A8-C9 
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Figure 8.6: Correlation plots of the values, adopted by the torsion angles £ 
and oti+i in the dinucleotide steps in the loop region for different conformations 
obtained after DIANA calculations. The results of the DIANA calculations in 
which ζ as well as α of all loop residues were allowed to vary between 3CP and 
330°, are indicated with a ·. The results of the calculations in which ζ as well а 
of all loop residues, except ζ-Α8 and a-C9, were confined to a gauche(-) domain, 
with ζ in the range 245a-285" and α in the range 275"-31δ", are indicated with 
a '+'. ζ-Α8 and a-C9 were allowed to vary in the full domain between 30° and 
33CP. 
step, which, as before, were allowed to vary between 30 and 330°. The reason 
being that all available evidence indicates that this part of the backbone has a 
conformation strongly deviating from that found in a B-type helix. The results 
of the ten best calculated DIANA structures using this approach are indicated 
in Fig. 8-6 with a ' + ' . Neither violations against distances nor against dihedral 
d ( G T T C C A - A A C - T G G A A C ) 263 
constraints were found. Two features are particularly noteworthy. First, in 
the present approach ζ and α in the A8-C9 step do not fall in the domain 
inaccessible because of the gauche effect, while no constraints to such an extent 
was introduced. Secondly, Ç-A8 now adopts values in the gauche(+) and trans 
domain and a-C9 only adopts gauche(+) values. These combinations of torsion 
angles were not detected in the earlier DIANA calculations in which all ζ and 
a torsion angles in the loop were free to rotate. (We cannot exclude that these 
£-A8/o>C9 combinations could have been found when more structures had been 
generated.) The values for £-A8 and a-C9, obtained in this second approach are 
understandable. In loop closure two strands running in opposite directions have 
to be connected. Since the backbone in the loop region does not significantly 
deviate from that in the normal B-type helix except between A8 and C9, a 180° 
change in chain direction has to occur there. This is brought about through 
C-A8 (60-180°) and a-C9 (30-120°). In this situation the aforementioned N O E 
from C9H5 is to A7H2 (and not to A8H2). There is however no obvious reason 
why these conformers were not generated in the first set of calculations. It 
may be the manner in which DIANA builds up an oligonucleotide; in any case 
it examplifies a situation where we encountered insufficient sampling by this 
program. 
To find the lowest energy state of the molecule, conforming to the NMR con­
straints (Table 8-2), restrained energy minimization calculations were performed 
on a set of arbitrarily chosen structures. It turned out that again structures 
were generated with distances shorter than allowed by the NMR data. At this 
point the calculations were discontinued. The results obtained sofar indicate 
that the conformational space sampled by the loop residues is very large even to 
the extent that one may ask whether it is not completely undefined. We think 
that the latter conclusion is unwarranted. A comparison with the results ob­
tained for the hairpin formed by d(TCTCTC 6 -T 7 T 8 T 9 -GioAGAGA) (described 
in Chapter 6) illustrates this point. The conformational space sampled by the 
loop of the title compound is different from that sampled by the loop of the 
latter hairpin. Two conformations were found for the latter hairpin which are 
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in equilibrium with each other. In one conformer residue T7 is folded into the 
minor groove and in the other T8 is turned into the minor groove. In both con-
formations the sharp turn in the direction of the phosphate backbone occurs 
between the last loop residue, T9, and the first residue after the loop, G10. In 
contrast, in the present study for the hairpin formed by d(GTTCA6-A7A8C9-
T1 0GGAAC the turn in the loop is found between the second and third loop 
residue, A8 and C9. Accordingly, the NOE patterns found for the loop regions 
of the two hairpins completely differ from each other. In view of the NOE pat-
tern observed for the backbone of the first two loop residues and the effect of 
the backbone angles when the gauche effect is accounted for it seems reasonable 
in the presently studied hairpin that the loop residues all stack upon the stem, 
while in the hairpin d(TCTCTC-TTT-GAGAGA) one of the loop residues is 
folded into the minor groove, and therefore stacking will not occur. 
In conclusion it can be said that on the basis of the available J-coupling con-
stants and the NOE connectivities, present between protons in the loop region 
of the hairpin d(GTTCCA-AAC-TGGAAC) it is not possible to define 'a' struc-
ture for the loop region of this molecule. A large number of possible structures 
is completely in agreement with the set of NMR constraints. The use of an im-
pressively large set of socalled non-NOEs did not reduce the number of possible 
conformations. Yet the conformational space sampled by the loop residues is 
restricted. If we take the B-DNA-type NOE connectivités in the dinucleotide 
steps A6-A7, A7-A8, C9-T10 as an indication, a conformation in which A7 
and A8 are stacked upon each other and the underlying residue A6 and C9 is 
partly stacked upon T10, might be preferred by the loop. Restrained molecu-
lar dynamics calculations are necessary to get a better idea about the possible 
flexibility in the hairpin loop. 
The title compound is only part of the complete origin of replication of bacte-
riophage M13 and it is very well possible that the conformation of the hairpin 
can be better defined when present in the original, complete nucleotide chain. 
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Chapter У 
Structural features of the D N A hairpin 
d(ATCCTA-GTTA-TAGGAT): the formation 
of a G A base pair in the loop. 
Abstract. 
The three dimensional structure of the hairpin formed by d(ATCCTA-GTTA-
TAGGAT) has been determined by means of two dimensional nuclear magnetic 
resonance studies, distance geometry and molecular mechanics calculations. 
The high stability of this hairpin can be explained by the formation of a G(anti)-
A(high anti) base pair on top of the six Watson-Crick base pairs. In this G-A 
base pair the guanosine imino proton is not involved in hydrogen bonding, which 
explains the resonance position of this imino proton around 10.8 ppm. Several 
torsion angles in the loop have adopted non-standard values to account for the 
formation of this extra base pair. The first and second residue in the loop are 
stacked in a normal B-DNA type helical fashion; the fourth loop residue also 
stacks upon the stem, while the third residue is directed away from the loop 
region. Almost no NOE contacts are observed between protons of this third 
residue and protons of other loop residues. The change in the direction of the 
phosphate backbone occurs around residue T9. In the dinucleotide steps T8-T9 
and T9-A10 the major changes in conformation are observed. 
Margret M.W. Mooren, Esther F.Α. Willems, Sybren S. Wijmenga, Gijs Α. van der Marel, 
Jacques H. van Boom and Cornells W. Hilbers, manuscript in préparation. 
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9.1 Introduction. 
Studies conducted on the folding pattern in nucleic acid hairpins have shown 
that the loop structure depends on the type of double helix which forms the 
stem of the hairpin, on the base pair sequence of the stem and on the nucleotide 
sequence of the loop. The introduction of complementary bases in the loop 
region sometimes results in the formation of a base pair [1,2]. and also non-
complementary bases may form hydrogen bonded pairs [3]. 
In our laboratory the hairpin formation in a series of synthetic homologous DNA 
fragments, d(ATCCTA-NNNN-TAGGAT) in which N is A,G,T or C, has been 
extensively studied. Hairpins in which adenines were introduced in the loop 
region, e.g. -AAAA-, -AAAC-, -AACA- show a lowered stability with respect 
to hairpins where the adenines were replaced by the less bulky T-residues. 
Remarkably, the hairpin with loop sequence -GAAA- exhibited a relatively 
high melting temperature [4], 10° higher than the melting temperature of the 
hairpin with the loop sequence -AAAA-. The hairpin with the loop sequence 
-GTTA- came out to be even more stable [4], its stability being comparable to 
that of the hairpin with loop sequence -TTTT-. For this last mentioned hairpin 
a T-T wobble base pair is formed between the first and the last thymidine in 
the loop [3]. In the hairpin with loop sequence -TTTA- the first loop residue 
forms a Hoogsteen T-A base pair with the fourth loop residue [2]. In analogy 
with the results given for the hairpin with loop sequence -TTTT- the formation 
of this extra base pair in the loop explains the high stability of the hairpin. 
It seems therefore very likely that in the hairpin with loop sequence -GTTA-, 
the G- and Α-residues may be held responsible for the increased stability of 
the hairpin. To investigate whether this is true the hairpin d(ATCCTA-GTTA-
TAGGAT) has been studied by means of nuclear magnetic resonance (NMR), 
distance geometry- and restrained molecular mechanics calculations. 
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9.2 Materials and Methods. 
9.2.1 Exper imenta l . 
The oligonucleotide d(ATCCTA-GTTA-TAGGAT) was synthesized via the phos-
photriester method [5]. NMR samples were prepared by dissolving the three 
fold lyophilized oligonucleotide to a concentration of 3 mM in a D 2 0 solution 
containing 25 mM sodium phosphate, 1 mM sodium cacodylate and 0.1 mM 
EDTA at pH=6.8. NaCl was added to a total sodium concentration of 200 mM. 
A similar sample in a 95% H 2 0 / 5 % D 2 0 solution was prepared. 
The 400- and 600 MHz 41 ID and 2D NMR spectra were recorded on Bruker 
AM400 and AM600 spectrometers, respectively, which were interfaced to an 
ASPECT 3000 computer. ID spectra of the sample dissolved in H 2 0 were 
recorded at 271, 276, 282, 288 and 294K and the NOES Y spectrum [6] of 
the H 2 0 sample was recorded at 276K. Suppression of the H 2 0 resonance was 
achieved using a 1331 jump return pulse sequence [7]. A spectral width of 8065 
Hz was used. The NOESY spectrum was acquired with 2K points in the t2-
and 496 points, zerofilled to IK points in the ti-direction, with a mixing time 
of 300 ms. Prior to Fourier transformation the spectrum was apodized with a 
Lorentz-Gauss window function in the t2-direction and with a shifted squared 
sine bell window function in the tj-direction. Phase sensitive NOESY spectra 
[6] of the sample dissolved in D 2 0 were recorded at room temperature, with 
a spectral width of 4000 Hz in both directions using mixing times of 75, 100 
and 150 ms and with a spectral width of 6000 Hz in both directions using a 
mixing time of 300 ms. The spectra were acquired with 2K points in the t2-
direction and 512 points, zerofilled to IK points in the ti-direction. Before 
Fourier transformation the spectra were multiplied with a Lorentz-Gauss win-
dow function in the t2-direction and with a shifted squared sine bell window 
function in the ^-direction. The 600 MHz double quantum filtered correlation 
spectrum (DQF-COSY) [8,9] was recorded at 298K with a spectral width of 
6000 Hz. The spectrum was acquired with 512 points in the tx-direction and 
4K points in the indirection. The time domain data were zerofilled in both 
270 Chapter 9 
directions and were multiplied with shifted sine bell functions before Fourier 
transformation. A TOCSY spectrum [10,11] was recorded at 298K at 400 MHz 
with a spectral width of 4000 Hz and with 512 points in the ti- and 2K points in 
the t 2-direction. The spin-lock mixing time was 100 ms. A ID
 3 1 P-spectrum was 
recorded on a Bruker AM400 spectrometer. Protons were broad band decou­
pled during acquisition, using Waltz-decoupling. A ' H - 3 1 ? hetero-correlation 
spectrum was recorded at 298K on a Bruker AM400 spectrometer, operating 
in the inverse mode. The pulse scheme as proposed by Sklenar et al. [12] was 
used, leaving out the 180° pulses to saturate the proton magnetization. Only 
axial peak suppression was used in the phase cycling list. The spectrum was 
recorded with a sweep width of 4000 Hz and was acquired with 2K points in 
the t 2-direction and 282 points, zerofilled to 512 points in the ^-direction. The 
time domain data were multiplied with shifted squared sine bell functions before 
Fourier transformation. 
9.2.2 Conformational Analysis. 
The conformational analysis of the hairpin is based on the possibility to derive 
distance- and torsion angle information from NMR data. The J-coupling con­
stants J(1'2') and J(1 '2") were derived from the ID spectrum, after simulation 
of the spectrum with the Bruker program PANIC. Sums of J-couplings, Σ 2 ' and 
Σ 2 " were estimated from multiplet patterns in a DQF-COSY spectrum. The 
allowed pseudorotation parameters, Ρ and ф
т
, of the sugars were derived from 
these J-couplings using the program MARC described elsewhere [2,13]. 
Ranges allowed for the torsion angles β, γ, ε and χ were derived from NOE data 
and homo- as well as heteronuclear J-coupling constants [13-16] (vide infra). 
Volumes of NOE cross peaks of the NOESY spectrum with mixing times of 
75, 100, 150 and 300 ms were integrated on a Bruker X32 computer with the 
available integration routine and served as input for the program N 0 2 D I [17], 
running on a CONVEX-C120 computer. The N 0 2 D I algorithm calculates inter-
proton distances from NOE intensities, taking spin diffusion into account. The 
N 0 2 D I calculations were performed with a rotation correlation time of 2.0 ns, 
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as estimated with the aid of the Stokes-Einstein relation [18], with a resonance 
frequency of 400 MHz for the mixing times 75, 100 and 150 ms and also with 
a resonance frequency of 600 MHz for the mixing time of 300 ms. The NOEs 
belonging to the H5-H6 proton pairs of cytosines were used as a calibration. 
The derived distances and torsion angle ranges served as input for the variable 
target function algorithm DIANA [19], adapted in our laboratory to incorpo­
rate variable sugar puckers (see Chapter 6). Calculations were performed on 
a CONVEX-C120 computer. For the stem of the hairpin standard B-DNA 
distance constraints, hydrogen bond constraints and torsion angle ranges were 
used [20,21] as well as constraints to preserve base pair planarity. For the 
loop, the inter-residue distances, as derived from N02DI, were used. The lower 
bound was defined as the distance calculated with N 0 2 D I minus 10%, the 
upper bound as the calculated distance plus 20%. Torsion angle constraints 
were directly derived from the NMR data (vide infra). The DIANA structures 
with the lowest target function were used as input for the program CORMA, 
which calculates a dipole-dipole relaxation matrix for a system of protons and 
converts that into intensities expected for a NOES Y experiment. A number 
of cycles of DIANA [19] and CORMA [22] calculations were performed in the 
same way as described before (see Chapter 6) to obtain a model for the hairpin 
with a minimum number of violations against the NMR data. The final DI­
ANA input included 101 upper- and lower distance constraints in the stem and 
25 upper- and lower distance constraints in the loop. An additional set of 50 
lower bound distance constraints of 4.0 A was added for the loop region. These 
followed from the first cycles of DIANA calculations which generated structures 
with short inter-proton distances for which no experimental NOE cross peak 
was observed for the corresponding proton pair, while at the same time other 
NOEs, involving the mentioned protons ruled out local motion. 32 lower and 
32 upper distance constraints for Η-bonds were used, including 4 lower and 
upper distance constraints for the Η-bonds of a G-Α base pair of the type as 
depicted in Fig. 9 ·ID. Preliminary model building had shown that such a base 
pair is likely to be formed in the hairpin. Furthermore, 98 dihedral constraints 
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and stereospecific assignments for 26 out of a total of 32 CH 2 groups (H2'/H2" 
or H5'/H5") were used in the calculations. In the last DIANA run a total of 
400 structure calculations was performed. For each conformation the target 
function was minimized at the socalled levels 0 to 15 (see DIANA manual), 
whereby minimization at level 15 was done three times. The weighting factors 
for explicit upper- and lower distance limits were set to 1.0 and the weighting 
factor for dihedral angle constraints was set to 5.0A. For levels 0 to 14 and 
for the first minimization step at level 15 the weighting factor for the van der 
Waals constraints was 0.2, for the second minimization step at level 15 it was 
increased to 0.5 and for the final minimization step at level 15 to 1.0. For the 
minimization levels 1 to 14 and for the first step at level 15 the maximal number 
of target function calculations was set to 200 and for the last two steps at level 
15 it was set to 400. 
Constrained energy minimizations of the final DIANA structures with the low­
est target functions were carried out with version 3.2.1 of the program Quanta 
(Polygen) which uses the CHARMm force field and runs on a Silicon Graphics 
Iris 4D-25G work station. The distance constraints used during energy mini­
mization were the same, as used in the DIANA calculations, with the exception 
of the hydrogen bond constraints for the G A base pair in the loop, which were 
not incorporated anymore. Torsion angles /?, 7, δ, ε and χ of residues A6, G7, 
T8, T9, AIO and T i l were constrained during energy minimization such that 
the force constant, k<c(l., was kept at a value that admitted a wide range of tor­
sion angles around the value found in the DIANA calculations. The harmonic 
approximation was used for the torsion angle restraint potential: E = E k l o r ( t - t 0 ) 2 
in which ktor was set to 50 for all torsion angle constraints. t 0 is the equilibrium 
value of the torsion angle. The energy term for the NOE constraints takes the 
form Ет о£:=к(гл
Я
-Го)2 where r0 is the NOE constraint distance and τΑΒ is the 
distance between two protons A and B. The force constant kNOE is defined as 
kjvo.E=5-scale-k6-T/devhigh2 for τΑΒ > r0 
kwo£=|-scale-kj-T/devlow2 for т
АВ
 < r0 
where k» is the Boltzmann constant, Τ is the temperature, which is set to 300 K, 
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scale is a scalingsfactor, which is set to 1 and devhigh and devlow are the devia­
tions above and below the constraint distance r0 at which the constraint energy 
is |-scale-kb-T. Devhigh is set equal to the upper bound constraints used in the 
DIANA calculations, devlow to the lower bound constraints. Finally, 1000 steps 
of minimization without constraints were performed using the Adopted Basis 
Newton Raphson minimization method. 
9.3 Results. 
9.3.1 Ass ignment of the exchangeable and non-exchangeable pro­
t o n s . 
The imino proton spectrum of the hairpin with -GTTA- loop, recorded at sev­
eral temperatures, is shown in Fig. 9-2. The assignments of the resonances 
given in this figure were derived from the NOESY spectra, recorded for the 
samples dissolved in H2O and D 2 0 , respectively (not shown). Between 12.0 
and 15.0 ppm the resonances originating from base paired residues are detected 
and account for all base pairs in the stem. The integrated peak intensity in 
the spectrum near 11.0 ppm accounts for three resonances. The imino proton 
resonances of the unpaired T8 and T9 are observed at this position and the 
imino proton of G7 accounts for the intensity of the third resonance. 
Spectra of the hexadecanucleotide d(ATCCTA-GTTA-TAGGAT) dissolved in 
D 2 0 were recorded at room temperature. Two parts of the NOESY spectrum, 
recorded with a mixing time of 300 ms are presented in Fig. 9-3, i.e. the spectral 
regions in which cross peaks are observed between the H8/H6-base and the H l ' -
sugar (Fig. 9-3A) and between the H8/H6-base and H2'/H2" sugar resonances 
(Fig. 9-3B). The spectra were analyzed using the standard sequential analysis 
procedure [23-25]. In the spectrum containing the cross peaks between H6/H8 
and H I ' resonances the sequential assignment could be started at the cross 
peak generated by the 5'-terminal residue, Al, and continued to the T 9 H 1 ' 
resonance, despite the weakness of the T8H1'-T9H6 cross peak intensity. 
On the other hand, by starting at the З'-end at residue T16, the assignment 
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Figure 9.1: Schematic representations of GA base pair configurations, as ob­
served in several oligonucleotides (see Table 9-5). 
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Figure 9.2: The 400 MHz imino spectrum of d(ATCCTA-GTTA-TAGGAT) 
recorded as a function of temperature. 
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Figure 9.3: Parts of the 600 MHz NOESY spectrum of d(ATCCTA-GTTA-
TAGGAT) recorded with a mixing time of 0.3 s at 298K. 
A. Cross peaks between base proton resonances and HI' proton resonances 
are shown. The sequential assignment of the cross peaks is indicated. In the 
assignment of the resonances the numbering for the hairpin is used as indicated 
in Fig. 92. 
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Figure 9.3: Continued. В. Cross peaks between base proton resonances and 
H2'/H2" proton resonances are shown. A sequential assignment can be made 
in this part of the spectrum analoguous to that given in A. The numbered cross 
peaks correspond to the intra residual H2'-H6/H8 proton pairs. 
could be carried through to the intra-residue cross peak of AIO. In the al­
ternative sequential analysis using the H8/H6-H2'/H2" connectivities a N O E 
walk could be performed from residue Al to T8. No H8/H6-H2'/H2" connec­
tivities were observed between residues T8 and T9 and residues T9 and AIO, 
even at longer mixing times, except for a weak H2"(T9)-H8(A10) cross peak. 
The sequential analysis could be continued in the З'-direction from AIO to the 
terminal residue T16. The result of the sequential walks in and around the loop 
region is summarized in Fig. 9-4. 
Identification of the remaining sugar proton resonances started with the as­
signment of the H3' resonances from their connectivities to H2'/H2" in the 
NOESY as well as DQF-COSY spectra. In the same way the H4' resonances 
were assigned from the H3'-H4' cross peaks. Then the NOE cross peaks from 
H3' to H4', H5' and H5" resonances were incorporated in the analysis in order 
to assign the H5' and H5" signals. If possible, the H4'-H5'/H5" cross peaks 
in the DQF-COSY spectrum were used to confirm the assignments. The most 
important resonances could be identified and it is noted that for several residues 
a stereospecific assignment for the H5' and H5" spins could be made [13]; the 
results are listed in Table 9 1 . 
The 3 1 P spectrum of d(ATCCTA-GTTA-TAGGAT) was investigated by means 
of a 1H-3lP hetero-correlation experiment. The spectrum is shown in Fig. 9-5. 
Almost all phosphorous resonances could be assigned, using the results from 
Table 9 1 . Cross peaks may be found in this spectrum for H3'(i-1)-P(i), H4'(i)-
P(i) and H5'(i)/H5"(i)-P(i) connectivities, in which i denotes the number of a 
residue. 
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A6 G7 T8 T9 Α10 T11 
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Figure 9.4: Connectivity diagram in which the presence of NOE connectivities 
between neighbouring residues is indicated by solid lines. Blank regions cor­
respond to the absence of cross peaks. Weak cross peak intensities between 
neighbouring residues are indicated by dashed lines. Note the (almost) absence 
of cross peaks between residues T8 and T9 as well as between T9 and AIO. 
9.3.2 Structure determinat ion. 
D e t e r m i n a t i o n of torsion angles. 
Subsequent to the spectrum interpretation a J-coupling analysis of the reso­
nances of the sugar moieties was performed and the results used to determine 
the sugar conformations, as described under Methods. The results are listed in 
Table 9-2. It follows from the analysis that the sugar rings are in an S-type con­
formation, although for almost all residues N-type conformations are admixed 
to some extent. It is mentioned that the J-coupling information for residues 
Al , T8, AIO, G14, A15 and T16 is rather limited and consequently their sugar 
conformation is not well-defined (see Table 9-2). 
Information about torsion angle β (P-05'-C5'C4') may be obtained from the 
hetero-coupling constants J(H5'P) and J(H5"P). If β is in a pure trans (/?=180°) 
conformation the proton-phosphorous couplings are small, i.e. « 2 Hz (see 
Chapter 4) and in a hetero-correlated ' H - 3 1 P spectrum no H5'/H5"(i)-P(i) cross 
peaks will be observed. In standard B-DNA, the torsion angle β adopts a value 
around 210" [26]. In such a situation J(H5"P) becomes about 7 Hz and a 
H5"(i)-P(i) cross peak will be observed, while J(H5'P) remains about 0-2 Hz 
and the H5'(i)-P(i) cross peak will be absent in the hetero-correlated 1 H - 3 1 P 
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Residue 
Al 
T2 
СЗ 
С4 
Т5 
А6 
G7 
Т8 
Т9 
AIO 
T i l 
А12 
G13 
G14 
А15 
Т16 
Н6 
Н8 
8.25 
7.43 
7.62 
7.57 
7.23 
7.87 
8.14 
7.26 
7.37 
8.09 
7.29 
8.17 
7.62 
7.59 
8.12 
7.20 
HI' 
6.24 
6.05 
6.05 
5.89 
5.68 
6.13 
5.57 
5.71 
6.03 
6.24 
5.06 
5.95 
5.43 
5.53 
6.26 
6.12 
Н2' 
2.73 
2.26 
2.31 
2.08 
1.62 
2.32 
2.70 
1.89 
2.12 
2.66 
1.88 
2.72 
2.54 
2.52 
2.60 
2.14 
Н2" 
2.88 
2.54 
2.54 
2.47 
2.12 
2.46 
2.44 
2.03 
2.32 
2.79 
2.24 
2.85 
2.65 
2.72 
2.86 
2.14 
НЗ* 
4.86 
4.89 
4.84 
4.79 
4.91 
4.93 
4.45 
4.58 
4.81 
4.76 
5.02 
4.98 
4.97 
4.95 
4.50 
Н4' 
3.83 
4.29 
4.26 
4.18 
4.09 
4.38 
4.47 
3.35 
(3.78) 
4.33 
4.12 
4.38 
4.35 
(4.35) 
4.41 
4.01 
Н5' 
4.26 
4.18 
4.15 
(4.10) 
(4.27) 
4.00 
4.23 
(3.75) 
(3.36) 
3.97 
(3.78) 
4.00 
(4.16) 
(4.16) 
4.12 
4.24 
Н5" 
4.26 
4.15 
4.15 
(4.10) 
(4.00) 
4.06 
4.13 
(3.75) 
3.74 
3.91 
(3.76) 
4.11 
(4.16) 
(4.16) 
4.20 
4.07 
Н5 
Me 
Н2 
7.98 
1.36 
5.64 
5.60 
1.70 
— 
1.54 
1.62 
7.96 
1.88 
7.96 
— 
— 
7.98 
1.42 
Table 9.1: Chemical shifts of the non-exchangeable proton resonances of 
d(ATCCTA-GTTA-TAGGAT) at 298K. The chemical shifts, given in ppm, are 
relative to DSS. The assignments given between parentheses are preliminary. 
spectrum. In case β adopts a gauche(+) or gauche(-) conformation the hetero-
coupling constants may increase to about 23 Hz. This will be manifest in 
the ' H - ^ P spectrum as large active and in the DQF-COSY spectrum as large 
passive couplings. Furthermore, if β adopts a trans conformation and 7 adopts 
a gauche(+) conformation, a four-bond coupling J(H4'P) may be manifest in 
the spectra [16]. We focuss on the analysis of the loop region of the hairpin, 
because on the basis of the available NMR data the stem can be assumed to 
adopt a B-DNA type conformation. The 3 1 P resonance assignments of residues 
G7, T8, T9 and AIO are indicated in the ' H - 3 1 P hetero-correlation spectrum 
in Fig. 9-5. For residue G7 cross peaks are observed between H3'(A6)-P(G7), 
H4'(G7)-P(G7) and H5'(G7)-P(G7). This is unusual in that a H5'-P instead of 
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Figure 9.5: J H - 3 1 P hetero correlated spectrum of d(ATCCTA-GTTA-
TAGGAT). Assignments of the cross peaks, concerning loop residues axe in­
dicated. A phosphate group at the 5' end of a residue is given the number of 
that residue, e.g. P(T8) means the phosphorous atom at the 5' side of the sugar 
ring of residue T8. 
a H5"-P cross peak is observed. From a plot of the hetero-coupling constants 
as a function of β it may deduced that β of G7 is in a trans conformation, 
with β around 150°. For residue T8 the standard cross peaks H3'(G7)-P(T8), 
H4'(T8)-P(T8) and H5"(T8)-P(T8) are observed showing that β adopts a value 
around 210°. For residue T9 both the H5'(T9)-P(T9) and the H5"(T9)-P(T9) 
cross peaks are present while the H4'(T9)-P(T9) cross peak is absent. From 
cross sections through the multiplets it was estimated that J(H5'P) as well as 
J ( H 5 " P ) are about 7-10 Hz. This indicates that β of T9 either adopts a value 
around 110° or around 250°. For residue AIO the cross peaks H3'(T9)-P(A10) 
and H5"(A10)-P(A10) are observed. It was estimated from the a cross section 
through the AIO H5" multiplet that J(H5"-P) is about 7-10 Hz. The standard 
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Residue 
Al 
T2 
СЗ 
С4 
Т5 
А6 
G7 
Т8 
Т9 
AIO 
T i l 
А12 
G13 
G14 
А15 
Т16 
J(1'2') 
8.5 
8.8 
7.1 
7.0 
6.9 
9.3 
7.3 
7.9 
9.5 
10.6 
7.2 
J(1'2") 
5.5 
5.8 
6.9 
7.0 
6.9 
5.1 
6.9 
6.7 
6.0 
4.8 
7.2 
Σ2' 
25.0 
25.0 
24.3 
28.7 
27.2 
25.7 
25.0 
27.3 
27.9 
26.0 
29.4 
26.5 
25.0 
24.3 
27.9 
Σ2" 
22.8 
22.8 
22.0 
22.8 
22.8 
22.1 
21.3 
22.8 
22.1 
23.0 
21.3 
21.3 
20.6 
21.3 
23.5 
Ps 
198-212 
158-198 
135-203 
139-212 
185-212 
198-212 
171-189 
126-212 
185-212 
153-212 
185-203 
153-189 
149-176 
157-212 
117-212 
117-126 
4>mS 
36-42 
40-42 
35-42 
32-34 
32-34 
32-40 
42 
32-42 
32-34 
32-42 
32 
32-38 
40-42 
32-42 
32-42 
32-34 
Xs 
0.75-0.90 
0.75-1.00 
0.75-1.00 
0.70-1.00 
0.75-0.95 
0.80-0.90 
0.85-1.00 
0.65-1.00 
0.80-1.00 
0.65-1.00 
0.90-1.00 
0.90-1.00 
0.95-1.00 
0.65-1.00 
0.60-1.00 
0.65-0.70 
Table 9.2: J-coupling constants and sums of J-coupling constants obtained for 
the sugar rings. The pseudorotationai parameters, Ρ and <f>
m
, of the sugar were 
obtained by the MARC-analysis [2]. P
s
 was sampled between 11T and 211.5" 
in steps of 4.5", ф
т5 was sampled between 32° and 42° in steps of 2° and the 
molar fraction x
s
 was sampled between 0.5 and 1.0 in steps of 0.05. PN was 
kept fixed at 9° and <f>
mN was 35". The error assumed for 3(1 '2') and 3(1 '2") is 
0.3 Hz, based on the digital resolution of the NMR spectra, the error for Σ 2 ' 
and Σ2" was 5.0 Hz for residues C3 and G13, 3.0 Hz for T2, G7, A12 and G14 
and 1.5 Hz for the remaining residues. 
cross peak H4'(A10)-P(A10) is absent. This means that β may still adopt a 
value in the trans region around 210°, but torsion angle 7 then deviates from 
the standard gauche(+) value (vide infra). 
Torsion angle 7 (05'-C5'-C4'-C3') was determined by the combined use of 
H3'/H4'-H5'/H5" NOE intensities and estimations of J-coupling constants J(4'5') 
and J(4 '5") from a DQF-COSY spectrum. For a detailed description of the 
method see ref. [2]. It was deduced that 7 of residue A6 is around 90°, 7 of G7 
around 60°, 7 of T8 could not be established unambiguously because of overlap, 
but lacking evidence to the contrary, was assumed to be ss 60°, 7 of T9 falls in 
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the trans region and 7 of AIO adopts a value between 100 and 150°. 
Although the torsion angle e (C4'-C3'-03'-P) can be monitored by the hctero-
coupling constants J(C4'P3) and J(C2'P3), these could not be determined for 
this sample in which the 1 3 C is present in natural abundance. Moreover, J(H3'P) 
unfortunately has the same value for the sterically allowed trans and gauche(-) 
regions and can therefore not discriminate between these staggered conforma­
tions. A long range coupling between H2' and P3 was not observed in the 
iH- 3 1 P hetero-correlation spectrum, which suggests that ε of all residues resides 
in the trans region. 
The torsion angles a (03'-P-05'-C5') and ζ (C3'-03'-P-05') cannot be deter­
mined from NMR and were obtained after distance geometry calculations and 
energy minimizations. 
Torsion angle χ. 
Analysis of the intra-residue NOE cross peaks shows that the χ-angles of all 
residues fall in the anti-domain, as normally found in B-DNA, except for residue 
AIO. Examination of the intensities of the intra-residue NOE cross peaks of 
residue AIO shows that the H8-H1' cross peak intensity is high, while its H8-
H2' and H8-H2" cross peaks are of the same intensity as the corresponding cross 
peaks of other residues. This can be seen more clearly by consideration of the 
cross sections, taken along the vertical axis of the NOESY spectrum through 
the diagonal resonance positions of A10H8, A6H8 and C4H6 (Fig. 9 6 ) . It is 
obvious that the intensity of the H8-H1' cross peak of AIO is much higher than 
that of the C4 and A6 H6/H8-H1' cross peaks. Earlier [4] this suggested to us 
that AIO is in a syn-orientation. A more detailed analysis, i.e. integration of the 
NOE volumes of the intra-residue cross peaks, subsequent distance calculation 
with N 0 2 D I [17] and consideration of the Ρ-χ distance correlation plots for 
H8-H1', H8-H2' and H8-H2" proton pairs [13,21] shows that χ of residue AIO 
adopts a value between 0° and -60°. 
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AIO 
ppm 
Figure 9.6: Cross sections through the NOESY spectrum of Fig. 9-3 along the 
fl-axis, taken for three different f2 values. Cross peaks from the H6/H8 base 
proton resonances to other proton resonances are visible for residues AIO, A6 
and C4. The assignments of various intra-residual cross peaks are indicated. 
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Figure 9.7: Schematic representation of the inter residue NOE connectivities in 
the loop region of the hairpin formed by d(ATCCTA-GTTA-TAGGAT). The 
connectivities between the protons in the different residues are indicated by solid 
lines if the connectivities are strong and by dashed lines if the connectivities 
are weak. 
N O E s in the loop region. 
In addition to the torsion angles derived in the previous sections, the NOE 
connectivities found between the loop residues also play an essential role in the 
determination of the loop structure. The inter-residue NOEs found for the non-
exchangeable protons in the loop region are schematized in Fig. 9·7. Standard 
B-DNA type connectivities between the non-labile protons are found for the 
A6-G7 step. For the G7-T8 step also short sequential distances are observed 
as in normal B-DNA, although the expected H2'(G7)-Me(T8) connectivity is 
missing and the H2"(G7)-Me(T8) cross peak is very weak. In addition, a weak 
Hl '(G7)-Me(T8) cross peak is seen for this step, which may be an indirect 
(spin diffusion) connectivity. No connectivities, except a very weak H1'(T8)-
H6(T9) contact, are observed between the resonances of the loop residues T8 
and T9. This indicates that in this step the nucleotide chain deviates strongly 
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from the B-type conformation. Between the resonances of residues T9 and AIO 
again no standard B-DNA type connectivities are observed, only a reasonably 
strong H4'(T9)-H8(A10) cross peak and a very weak H5' or H5"(T9)-H8(A10) 
cross peak are seen in the spectrum. The lack of inter-residue connectivities 
to T9 suggests that this residue must be directed away from the loop. The 
interactions found for the A6-G7, G7-T8 and A10-T11 steps indicate that the 
first and the last base of the loop, G7 and AIO, respectively, are stacked upon 
the terminal base pair, A6-T11, of the stem region and that residue T8 is more 
or less stacked upon residue G 7. 
The peak volumes of the total set of NOE cross peaks schematized in Fig. 
9-7, were used to establish inter-proton distances between the loop residues, by 
using the program N02DI. For this set of calculated distances upper- and lower 
bounds were generated. 
Structure calculations. 
The distance constraints together with the determined torsion angle domains 
(see Table 9-3) and sugar pseudo rotation parameters (vide supra) served as 
input for the distance geometry program DIANA. Torsion angles for which no 
upper- and lower bounds were available (e.g. a and ζ) were allowed to vary 
between 30° and 330° (i.e. cis conformations were excluded). At this stage 
the H5' and H5" protons of residue T9 could not be assigned stereospecifically. 
Separate DIANA calculations were performed, one for each possible domain of 
the torsion angle /3, i.e. allowing β to adopt values in the range 230°-270° and 
90°-130e (vide supra). In the DIANA calculations hydrogen bond constraints 
for the formation of a G-Α base pair of the type as drawn in Fig. 9-1D were 
introduced (a justification is presented in the Discussion section). 
Subsequent cycles of DIANA and CORMA were run to generate a complete 
input data set (see Materials and Methods). Two upper bound distance vi­
olations larger than 0.2Â were detected in every DIANA structure. DIANA 
was not able to generate structures in which the distances Hl '(G7)-Me(T9) 
and H1'(T9)-H2(A10) were in agreement with those as calculated with N02DI. 
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A Distance constraints 
A6 
A6 
A6 
A6 
G7 
G7 
G7 
G7 
G7 
G7 
G7 
G 7 
G7 
G7 
T 8 
T 8 
T 8 
T 9 
T 9 
T 9 
AIO 
AIO 
AIO 
AIO 
AIO 
AIO 
AIO 
AIO 
invc 
H l ' 
H 2 ' 
Η2" 
Hl' 
Hl ' 
H 2 ' 
H2" 
H8 
Н Г 
H2" 
N 3 
N 3 
H22 
N 2 
нг 
Н Г 
H4' 
H2" 
Н4' 
Н5' 
Н Г 
Н 2 ' 
Н2" 
Н 2 ' 
Н 2 " 
Н2 
Н 8 
Н Г 
1 ved atoms 
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
G7 
G7 
G7 
G7 
T 8 
Τ8 
Τ 8 
Τ8 
Τ 8 
Τ 8 
AIO 
AIO 
AIO 
AIO 
T9 
AIO 
AIO 
AIO 
AIO 
AIO 
T U 
T U 
T U 
T U 
T U 
T U 
T U 
T U 
H8 
H8 
H8 
H5" 
H6 
H6 
не 
Me 
Me 
Me 
H62 
N6 
N 7 
N 7 
H6 
H8 
H2 
H8 
H8 
H8 
H6 
H6 
H6 
Me 
Me 
H I ' 
Me 
Me 
lower bound (A 
3 50 
3 00 
2 40 
2 50 
3 40 
3 50 
2 60 
3 00 
3 60 
3 50 
1 75 
2 80 
1 75 
2 80 
3 50 
3 50 
3 00 
3 50 
2 50 
4 00 
3 40 
3 00 
2 00 
3 50 
3 50 
4 00 
2 00 
3 00 
upper bound (A) 
5 00 
4 20 
ззо 
5 00 
4 60 
4 80 
3 50 
5 00 
6 00 
6 00 
2 20 
3 05 
2 20 
3 05 
5 40 
5 00 
5 00 
5 40 
4 50 
6 00 
4 60 
4 20 
3 00 
6 50 
6 00 
6 00 
4 80 
6 00 
fì Torsion angle constraints 
Ib 
A6 
G7 30 
T 8 30 
T 9 30 
AIO 30 
T i l 30 
stem -85 
α 
ü b 
330 
330 
330 
330 
330 
-45 
fi 
Ib 
130 
130 
230 
90 
180 
130 
160 
ub 
180 
210 
270 
130 
240 
230 
220 
7 
1 b 
60 
30 
30 
140 
100 
30 
30 
u b 
120 
90 
90 
270 
150 
90 
70 
l b 
140 
140 
140 
140 
140 
140 
140 
Ρ с 
u b I b 
190 180 
190 180 
190 180 
190 180 
190 180 
190 180 
190 180 
u b 
250 
250 
250 
250 
250 
250 
240 
С 
Ib 
30 
30 
30 
30 
30 
30 
-115 
Χ 
u b I b 
330 -160 
ззо -160 
330 -160 
330 -160 
330 -60 
330 
-75 -160 
u b 
-90 
-90 
-90 
-90 
0 
-90 
Table 9.3: A: Distance constraints for the loop residues as used in the fìnal DI-
ANA calculations. The lower bounds equal to 4Â (see text) are not mentioned 
in this Table. 
B: Torsion angle constraints as used in the DIANA calculations. 
Lb. means lower bound, u.b. is the upper bound. 
The corresponding NOEs in the spectra were very weak. Also model-building 
showed that it was impossible to fit these NOEs, without creating much more 
violations. Because of the weakness of the NOEs it was decided to omit them 
from the input da ta set. For both the allowed β ranges of residue T9 (vide 
supra), conformations were generated which fully satisfied all constraints. The 
distance- as well as torsion angle constraints used in the final DIANA calcula­
tions are given in Table 9-3. The set of lower bounds which were set to 4.0A 
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/3T9in 
residue 
A6 
G7 
T8 
Τ9 
AIO 
T i l 
/?T9in 
residue 
A6 
G7 
T8 
Τ9 
AIO 
T i l 
230°-270 
α 
g(-) 
g(-) 
g(+) 
g(+) 
g(-) 
90°-130° 
Q 
g(-) 
g(-) 
(-)ac 
g(+) 
g(-) 
0
 range. 
ß 
(-)ac 
range. 
ß 
(+)ac 
7 
g(+) 
g(+) 
(-)ac 
(+)ac 
g(+) 
7 
g(+) 
g(+) 
(-)ac 
t 
g(+) 
δ ι 
S 
S 
S 
S ι 
S 1 
S 
6 ι 
S 
S 
S 
S \ 
S 1 
s 
: С 
t g(-) 
t g(-) 
t t 
t t 
t g(-) 
: С 
t t 
t g(-) 
t g(-) 
t t 
t g(-) 
X 
anti 
anti 
anti 
anti 
(-)sc 
anti 
X 
anti 
anti 
anti 
anti 
(-)sc 
anti 
Table 9.4: Torsion angle domains deduced after DIANA calculations for two 
possible structures of the hairpin formed by d(ATCCTA-GTTA-TAGGAT) The 
torsion angles were either expressed in the classical rotamers gauche(+) (g(+)), 
trans (t) and gauche(-) (g(-)), or with the ranges defined by Klyne and Prelog: 
anti, (-)synclinal ((-)sc), (+)anticlinal ((+)ac) and (-)anticlinal ((-)ac). S means 
that the vaiue found for torsion angle δ corresponds to an S-type sugar pucker. 
due to the absence of a NOE for the corresponding proton pair (vide supra) 
are not given. The loop torsion angle values of the two DIANA structures with 
lowest target functions, expressed either in the rotamers gauche(+), gauche(-) 
or trans or with the ranges defined by Klyne and Prelog are given in Table 9-4. 
These two hairpin structures were subjected to constrained energy minimiza­
tion. In these calculations all torsion angles and distance information obtained 
from the NMR data for the loop and stem region were included except for the 
hydrogen bond constraints necessary to define the G-Α base pair formation. In 
both hairpins these G and A residues remain close enough to each other af­
ter energy minimization to permit hydrogen bonding according to the scheme, 
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residue 
A6 
G7 
T8 
T9 
AIO 
Til 
a 
-60 
-67 
-90 
67 
-104 
ß 
151 
158 
108 
-172 
140 
7 
47 
70 
178 
152 
87 
δ 
154 
151 
123 
144 
133 
129 
ε 
-137 
-179 
-177 
-118 
178 
С 
-138 
-118 
-122 
161 
-115 
Χ 
-97 
-92 
-110 
-160 
-55 
Ρ 
174 
169 
128 
158 
142 
Фт 
40 
40 
38 
39 
39 
Table 9.5: Torsion angle values of the loop structure obtained for the lowest 
energy conformer of the hairpin d(ATCCTA-GTTA-TAGGAT) after restrained 
energy minimization. 
given in Fig. 9 1 D . In the base pair the C1'(G7)-C1'(A10) distance is 9.68Ä, 
which is less than in standard Watson-Crick base pairs ( « 10.5Â). The energy 
of the hairpin, in which β of T9 was allowed to vary in the range 90°-130°, was 
14 kJ/mole lower than the energy of the hairpin with β of T9 confined to the 
230°-270° range. This means that, assuming the energy states are populated 
according to the Boltzmann distribution, the hairpin with highest energy is 
present less than 1% and may thus be neglected. The structure of the lowest 
energy hairpin is presented in Fig. 9-8. Values for the torsion angles of the loop 
structure as depicted in this Figure, are given in Table 9-5. 
Further energy minimization without constraints does not alter the structure 
very much. The G-Α base pair becomes more buckled which results in better 
stacking of G7 on A6 and of T8 on G7 and in the formation of an extra hy­
drogen bond between the amino proton H61 of AIO and the 0 4 ' atom of G7. 
Furthermore, the position of residue T9 is somewhat more extending from the 
loop. Overall, the phosphate backbone torsion angles remain in their previously 
adopted domains. 
9.4 Discussion. 
The dependence of hairpin stability upon base composition and sequence of the 
loop region has fostered considerable interest. It has for instance been found for 
DNA as well as RNA hairpins with four-membered loops, that if the first and 
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Figure 9.8: Stereo views of the structure of the hairpin d(ATCCTA-GTTA-
TAGGAT) obtained after restrained molecular mechanics calculations. A 
G(anti)-A(high anti) base pair is formed of the type given in Fig. 9·ID. A: 
side view, B: view along the helix axis. 
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the last base in the loop is a guanine and an adenine, respectively, extra stability 
is conferred to these hairpins [4,27,28]. A remarkable example is the sequence 
d(CG-GAAA-CG) which forms a stable hairpin with a melting temperature of 
57.5 °С for 0.1 M NaCl solutions [29]. 
In our laboratory measurement of the melting temperatures of the hairpins 
formed by d(ATCCTA-AAAA-TAGGAT) and d(ATCCTA-GAAA-TAGGAT) 
exhibited a remarkable difference of 10° C, i.e. the melting temperatures are 
43" and 53°, respectively. The hairpin d(ATCCTA-GTTA-TAGGAT) was even 
more stable (melting temperature 56° C) [4]. These results suggested a spe­
cial role for the 5'- and З'-terminal G and A loop residues. Determination 
of the melting enthalpies confirmed this idea. The melting enthalpy derived 
for d(ATCCTA-GTTA-TAGGAT) (ΔΗ 0 = 42 kcal/mole) is comparable to the 
values obtained for the hairpins formed by the sequences d(ATCCTA-TTTT-
TAGGAT) and d(ATCCTA-TTTA-TAGGAT), i.e. 41 and 45 kcal/mole, re­
spectively. In the latter hairpins a T T wobble pair and a T-A Hoogsteen pair, 
respectively, are formed between the first and the last base in the loop. The 
combined data suggest that in the d(ATCCTA-GTTA-TAGGAT) hairpin a G A 
base pair is formed. Basically, a number of G-Α pairs can possibly exist (see Fig. 
9-1), but in a first consideration only those G-Α combinations qualify in which 
the glycosidic torsion angle of AIO is outside the anti-domain (see Results). We 
tried out all of the possible candidates, i.e. the base pairs of Fig. 9·IB, ID and 
I E , as starting structures in the structure calculations but only the configura­
tion of Fig. 9·ID did not lead to severe violations of the NMR constraints. On 
the contrary, although we did not have direct NOE evidence for hydrogen bond 
formation of the G7- and AIO amino protons, the latter base pair fitted the 
N M R constraints excellently. It is mentioned in passing that the imino proton 
of G7 is not involved in base pairing in accordance with its resonance position 
and temperature dependent behaviour (see Fig. 9-2). Thus, this base pair was 
used in all our DIANA calculations. After subsequent energy minimization in 
which the constraints for this base pair were not imposed the amino proton 
H22 of G7 and the amino proton H62 of AIO remained within hydrogen bonded 
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distance from the N7 atom of AIO and the N3 atom of G7, respectively. In 
addition, the amino proton H21 of G7 is within hydrogen bond distance of the 
0 4 atom of residue T i l . After energy minimization without these base pair 
constraints and the NMR constraints the G-Α base pair displays a twist and roll 
which yields optimal stacking of G7 on A6 and of T8 on G7. These interactions 
provide a good explanation for the stability of the hairpin formed by the title 
compound. T9 does not stack, neither on T8 nor on AIO, but is directed away 
from the loop as expected on the basis of the NOE data. This is brought about 
by a change of the torsion angles between T8 and T9 away from the normal 
helical values, i.e. ζ: gauche(-) —• (-)anticlinal, β: trans —• (+)anticlinal and 
7: gauche(+) —• trans. Between T9 and AIO the turn in the direction of the 
backbone is completed, essentially by a £(trans) and a gauche(+) conforma­
tion. To achieve loop closure additional adjustments with respect to helical 
values are required for ε which is converted to the (-)anticlinal and for 7 which 
is converted to the trans domain. 
9.4.1 Chemical shifts. 
Chemical shifts are related to the structure as well, but much less directly than 
the NOEs and the J-couplings and are therefore usually not explicitely used in 
model building. Hardly any changes of the chemical shifts of the resonances 
corresponding to protons in the stem were found with respect to those found 
in hairpins with the same stem [2]. In the loop region, however, a few unusual 
upfield shifts of proton resonances were observed. The H4' and H5' protons 
of T9, for example, are positioned above the plane of the base of AIO and the 
ring currents of this base result in considerable upfield shifts for these proton 
resonances. Furthermore, the helical twist of the G-Α base pair is different 
compared to a standard A- or B-form helix which brings AIO above the H I ' 
proton of T i l . In this conformation there is a large ring current effect of the AIO 
base on T i l H I ' , which accounts for the unusual upfield chemical shift to 5.06 
ppm, observed for the T i l H I ' resonance. This ring current effect influences 
also the T i l H2' resonance, albeit to a smaller extent. The position of the 
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T8H4' resonance is more upfield than that of the T8H5' or T8H5" resonances. 
In the resulting hairpin conformation the T8H4' proton is positioned above the 
center of the G-Α base pair. The guanine- and adenine ring currents result in 
a noticeable upfield shift for this proton resonance. The high-anti orientation 
of torsion angle χ of residue AIO does not appreciably influence the chemical 
shift positions of the AIO sugar protons. This is in agreement with calculated 
ring current shifts of the sugar protons as a function of the glycosidic torsion 
angle [30]. 
9.4.2 C o m p a r i s o n w i th other oligonucleotides. 
The configuration of the G A base pair as proposed for the RNA hairpin loop 
formed by r(GGGC-GCAA-GCUU) [27] is the same as the one of the title 
compound. In both hairpins there was no direct evidence for hydrogen bond 
formation, but the structures generated from the observed distance and tor­
sion angle constraints were consistent with formation of this base pair. All 
nucleotides in stem and loop of the RNA hairpin have an anti-glycosidic angle 
conformation in contrast to the hairpin d(ATCCTA-GTTA-TAGGAT) in which 
the adenosine in the loop adopts a high anti conformation. To accomodate the 
unusual G-Α base pair, also in the RNA hairpin the helical twist for this base 
pair has changed compared to a standard А-ог В form helix. In the DNA- as 
well as the RNA hairpin the adenine of the G A base pair is positioned directly 
above the H I ' proton of its neighbouring residue. This results in both cases in 
a large ring current effect of the adenine base on the resonance position of the 
H i ' proton of the residue on the 3' side, which accounts for the unusual upfield 
shift observed for both hairpins. In the RNA- as well as the DNA hairpin the 
torsion angle β of the residue adjacent to the adenosine residue in the loop is in 
a gauche instead of a normal trans conformation. According to the loop folding 
principle stacking of the bases in the RNA loop extends from the 3' side, while 
in the DNA loop it extends from the 5' side. In both hairpins two residues in 
the loop stack upon each other and the third one is directed away from the 
loop. 
d(ATCCTA-GTTA-TAGGAT) 2 9 3 
T8-T9 step. 
oligonucleotide 
d(ATCCTA-GTTA-TAGGAT) 
d( m CG m C-GT-G m CG) 
reference 
this paper 
[31] 
ε 
-177 
167 
С 
-132 
-115 
α 
-90 
-74 
β Ί 
108 178 
58 172 
T9-A10 step. 
oligonucleotide 
d(ATCCTA-GTTA-TAGGAT 
d(GGATCG-TTT-CGATCC) 
G15-D16 (D-loop tRNAP A e) 
п^Абв-ибЭ (TV>C-loop tRNA™") 
d(CG-C-rTA-GCG) 
reference 
this paper 
[32] 
[33] 
[33] 
[34] 
ε 
-118 
-157 
-170 
-90 
-162 
С 
161 
-135 
162 
-178 
176 
α 
67 
62 
53 
70 
91 
ß 7 
-172 152 
179 173 
182 194 
-169 81 
-64 191 
Table 9.6: Comparison of torsion angle values in dinucleotide steps of several 
oligonucleotides. 
At this point it is also interesting to compare the present results with those ob-
tained for the hairpins d(ATCCTA-TTTT-TAGGAT) and d(ATCCTA-TTTA-
TAGGAT). The stems of the three hairpins are equal, but the loop sequences 
differ from each other. The formation of a G-Α, Τ ·Τ and Τ·Α base pair, re­
spectively, by the terminal loop bases classifies the three molecules as examples 
of DNA hairpins which are able to form a base pair within a loop of four nu­
cleotides. The formation of these base pairs explains the high stability of the 
hairpins compared to those which have an equal nucleotide sequence in the 
stem, but adenosine bases in the loop. The base pairs are non-standard, i.e. a 
G(anti)-A(high-anti) (Fig. 9-1D), a T-T wobble [3] and a T-A Hoogsteen base 
pair [2]. In each of these base pairs the distance between the С Γ atoms crossing 
the minor groove is diminished compared to a Watson-Crick base pair, which 
may be favourable for loop closing. Another aspect is that in each of these base 
pairs the angles between the line which connects both C I ' atoms and the lines 
through the Cl '-N bonds differ substantially from each other, which results in 
the absence of a pseudo-axis of symmetry which is present in Watson-Crick base 
pairs. 
In the hairpins the stacking pattern of the double helical stem is extended 
into the loop structure in the 3' direction. The first two bases in the loop 
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stack more or less in a B-type helical fashion. In the hairpin with the -TTTT-
loop the third base is partly stacked on the second and partly on the fourth 
base in the loop. In the hairpin with the -TTTA- loop the third residue is 
folded into the minor groove, while in the hairpin with a -GTTA- loop the 
third residue is protruding from the loop. The sharp turn in the direction 
of the phosphate backbone in the -TTTT- and -TTTA-hairpin is induced by 
a ^(gauche(-|-))/a(gauche(+))/7(trans) angle conformation between the third 
and fourth residue in the loop. In the hairpin formed by d(ATCCTA-GTTA-
TAGGAT) the stacking of the nucleotides at the 3' end of the duplex stem is 
extended until residue T8 is reached. Between T8 and T9 and between T9 
and AIO several torsion angles differ from standard B-DNA values to bring 
about the turn in the direction of the phosphate backbone and to allow for the 
formation of a G A base pair. 
In Table 9-6 the torsion angle values found in the dinucleotide steps T8-T9 and 
T9-A10 are compared with the values found in different oligonucleotides. A 
good similarity is found between the values of the T-G step in the mini hairpin 
d ( m C G m C - G T - G m C G ) [31] and those in the dinucleotide step T8-T9 of the 
title compound. The only difference is found for β which is in the gauche(+) 
conformation in the mini hairpin and is in the (-f-)anticlinal conformation in the 
hairpin d(ATCCTA-GTTA-TAGGAT). In the mini hairpin this set of torsion 
angles causes the sharp turn in the direction of the phosphate backbone. The 
torsion angles found in the T9-A10 step may be compared with torsion angles 
found for several oligonucleotides. The resemblance with the torsion angles of 
the G-T step in the hairpin formed by d(GGATCG-TTT-CGATCC) [32] is 
remarkable. Only minor differences are observed for the e and ζ torsion angles. 
The first T-residue in the loop of d(GGATCG-TTT-CGATCC) arches away 
from the normal helical fold. The position of the corresponding dinucleotide 
step in the loop of the hairpin d(ATCCTA-GTTA-TAGGAT) is different, but 
the effect is the same: residue T9 is directed away from the loop in a similar 
fashion. In t R N A p , l e almost identical torsion angle values are found between 
residues G15 and D16 in the D-loop and between residues т ' А 5 8 and U59 in 
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oligonucleotide 
d(CGCGAATTAGCG)2 
d(CGCAAATTGGCG)2 
d(CGCAAGCTGGCG)2 
d(CCAAGATTGG)2 
d(CCAAGATTGG)2 
d(ATGAGCGAATA)2 
d(CGAGAATTCGCG)2 
d(GCCACAAGCTC)· 
d(GAGCTGGTGGC) 
d(CATGGGTAC)· 
d(GTACeACATG) 
d(CGGGAATTCACG)2 
r(GGGC-GCAA-GCCU) 
method 
X-ray 
X-ray 
X-ray 
X-ray 
NMR 
NMR 
NMR 
NMR 
NMR 
NMR 
NMR 
type of G·A base pair 
G(anti)-A(syn) 
G(syn)-A+(anti) 
G(anti)-A(syn) 
G(anti)-A(anti) 
G(anti)-A(anti) 
G(anti)-A(anti) 
G(anti)-A(anti) 
G(syn)-A+(anti) 
(low pH) 
G(anti)-A(anti) 
(neutral pH) 
G(anti)-eA(syn) 
G(syn)-A+(anti) 
(low pH) 
G(anti)-A(anti) 
(neutral pH) 
G(anti)-A(anti) 
Fig. 
91B 
9-lC 
91B 
9-1A 
91A 
91D 
9-1A 
91C 
91A 
91C 
91A 
91D 
reference 
[35,36] 
[37,38] 
[39] 
[40] 
[41] 
[42] 
[43] 
[44] 
[44] 
[45] 
[46] 
[46] 
[27] 
Table 9.7: Oligonucleotide sequences with GA mismatched base pairs for which 
the structure has been determined. Nucleotides involved in G-Α base pairing 
are given in bold. 
the TV-C-loop [33]. 
The formation of a G-Α pair in the hairpin formed by the title compound is 
another interesting feature. We have already mentioned the similarity of this 
base pair with that occurring in the hairpin studied by Heus and Pardi [27]. G· A 
mismatches have found to be common structural elements in RNA structures 
[26]. Furthermore, earlier studies have shown that G-Α mismatches can also be 
incorporated into DNA helices [47]. 
Several structural studies by single-crystal X-ray diffraction and NMR methods 
have shown that G A mismatches are conformationally variable [27,35-46]. The 
relative populations of the various conformers depend on pH, base stacking 
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environment and salt concentration. A set of oligonucleotides which contain a 
G A mismatch and which have been the subject of X-ray or NMR studies is 
given in Table 9-7. The proposed G-Α base pairing schemes are presented in 
Fig. 9-1. 
The G A base pair type as formed in the hairpin d(ATCCTA-GTTA-TAGGAT) 
(Fig. 9-1D) has been proposed to occur in several oligonucleotides (Table 9-7). 
For example, the oligomer 5 'd(ATGAGCGAATA) [42] forms a 10 base pair 
duplex with 4 G A base pairs of the same type as that of the G A pair in the 
described hairpin. The NMR results indicated that the guanosine imino protons 
are not involved in hydrogen bonding and resonate around 10.5 ppm. In this 
duplex a G—>I substitution in either G-Α base pair caused a dramatic decrease 
in duplex stability, which shows that hydrogen bonding of the guanosine amino 
protons is critical. The same result is expected when in the studied hairpin the 
loop sequence is changed from -GTTA- to -ITTA-. 
In the oligomer 5 'd(ATGAGCGAATA) the G A base pairs fitted very well 
into a standard B-family duplex with all bases in an anti conformation. In the 
hairpin loop studied here χ of AIO had to adopt a high-anti conformation to 
form the G-Α base pair. In this type of G-Α base pairs functional groups such 
as the imino group of guanosine and the N3 atom of adenosine stay accessible 
for tertiary interactions. 
Several different hairpin loops have been studied until now. It is very interesting 
that in all these hairpins besides a large variability similar loop folding aspects 
are observed. This should lead to an improved understanding of folding in 
nucleic acids and its biological implications. 
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Summary 
Nucleic acids, just like proteins, exhibit a remarkable diversity in their func-
tional roles. These biomolecules carry the genetic information of heredity from 
one generation to the next and various types of ribonucleic acids play a role in 
the translation of a DNA sequence into the amino acid sequence of the corre-
sponding protein. 
It is a deep-rooted belief among scientists that the function and information 
content of biomolecules is varied by modification of their structure. Nucleic 
acids have very complex structures. Apart from simple double helices a variety 
of structures such as bulged loops, hairpin loops and cruciforms exist. One of 
the most powerful methods for the elucidation of the structure and dynamics 
of nucleic acid elements is NMR spectroscopy. The investigations described 
in this thesis were aimed to use the NMR techniques to analyse the spatial 
structure and conformational properties of a small number of such complex 
oligonucleotides. 
Chapter 1 describes the usefulness of NMR as a tool for structure elucidation. 
The parameters that can be deduced from NMR experiments are shortly dis-
cussed. 
In Chapter 2 a general overview is presented of the state-of-the-art of nucleic 
acid structure determination. In this chapter the nomenclature which is nor-
mally used for the characterization of nucleic acid structures is introduced. The 
most relevant types of experiments are described and ordered according to the 
type of correlations which become manifest in the spectra: correlation of pro-
ton signals via J-couplings, correlation of signals of protons that are in close 
proximity and correlation of signals of a heteronucleus to that of its J-coupled 
proton(s). The possibility of assigning particular resonances or cross peaks to 
certain nuclei or pairs of nuclei determine the extent to which a structure de-
termination can be carried out. The use of Overhauser effects and J-couplings 
in nucleic acid structure determination is extensively outlined. Finally, differ-
ent methods, developed for the computation of the structure of nucleic acid 
molecules are dicussed. 
In Chapter 3 the conformational space, available to single stranded oligonu-
3 0 1 
cleotides is examined by calculating distances between atoms for several combi­
nations of two variable torsion angles. From the resulting data distance contour 
maps are created for 15 possible torsion angle pairs in a nucleotide unit. The 
distance contour plots are in good agreement with the experimental distribu­
tion of oligonucleotide data and the present results explain many observations 
that could not be incorporated into a theoretical frame work before. 
Chapter 4 describes the analysis of the cyclic RNA trinucleotide r ( G p G p G p ) . 
Homo- as well as hetero J-coupling constants are used for the structure analysis 
of this molecule. The ribose sugars adopt a pure S-type (C2'-endo) conforma­
tion, while in general N-type (СЗ'-endo) sugar conformations are found in RNA. 
The presence of S-type sugars may be explained by making use of the results, 
presented in Chapter 2. 
In the course of the investigations it was found that the Karplus-equation most 
recently parametrized for the ССОР J-coupling constants could not account for 
the measured J(C4 'P) of 11.1 Hz. A new parametrization for both H C O P and 
ССОР coupling constants is therefore presented. 
Chapter 5 describes ID and 2D NMR investigations of the 15-residue deoxy-
oligonucleotide sequence d(TCTCTC-TTT-GAGAGA). It is shown that above 
pH=6.5 the molecule adopts a B-form hairpin conformation. As the pH is 
lowered below 6.5 molecules associate in pairs to form a partially triple he­
lical, partially single stranded structure. In this structure the bases of the 
oligopyrimidine d ( T C ) 3 tract from one molecule form Hoogsteen pairs with the 
d(GA) 3 tract of the other. Intense H6 to H3' cross peaks from residues in 
all three strands suggest the presence of N-type sugars at some, but not at 
all possible sites. Furthermore, strong cross peaks between H5' or H5" and 
non-exchangeable base protons suggest that certain of the torsion angles 7 are 
unusual. 
Chapter 6 describes the three dimensional solution structure determination of 
the hairpin d(TCTCTC-TTT-GAGAGA) at p H = 8 . Interproton distances de­
rived from NOE's, in combination with torsion angle constraints obtained from 
J-coupling constants were used in the variable target function programme DI­
ANA. It was found that hairpins with two different loop conformations fit the 
NMR data. An equilibrium between these two conformational states can fully 
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explain the NOE data available. In one state loop residue T7 is turned into 
the minor groove, while in the second state residue T8 is turned into the minor 
groove. The way in which the phosphate backbone changes its direction by 180° 
is the same for the two states. 
In Chapter 7 the application of 3D TOCSY-NOESY spectroscopy to the analy-
sis of nucleic acids, including an easy method for the description of the magne-
tization transfer in 3D experiments, is presented. As an example the TOCSY-
NOESY spectrum of the DNA hairpin formed by d(GTTCCA-AAC-TGGAAC) 
is given. The TOCSY-NOESY spectrum can be seen as a collection of spin-lock 
pat terns. These repeating patterns are extremely useful because they can be 
used to distinguish between protons whose resonances overlap. This shows that 
the advantage of 3D TOCSY-NOESY over e.g. 2D NOESY lies in the possibility 
to assign also the very crowded region of H4', H5' and H5" resonances. 
More structural information of the hairpin d(GTTCCA-AAC-TGGAAC) is 
given in Chapter 8. The hairpin, which is part of the plus strand of the ori-
gin of replication of the bacteriophage M13 is studied by one-, two- and three 
dimensional NMR experiments and the variable target algorithm DIANA. In 
the three-membered loop of this hairpin only a limited number of interresidue 
NOE connectivities is found. This results in a large amount of conformations, 
which are all completely in agreement with the experimental contraints. After 
incorporation of a large number of socalled "non-NOEs" into the input data set 
for DIANA the loop structure is not better defined than before. 
In Chapter 9 the structure determination of the hairpin formed by d(ATCCTA-
GTTA-TAGGAT) is described. The high stability of the hairpin can be ex-
plained by the formation of a G A base pair on top of the six Watson-Crick 
base pairs. The resonance position around 10.8 ppm of the imino proton of the 
guanosine residue in the G A base pair is understood because the imino proton 
is not involved in hydrogen bonding. The loop structure, as derived via NMR, 
the variable target algorithm DIANA and molecular mechanics calculations, is 
discussed in detail with respect to the earlier presented loop folding principle. 
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Samenvatting 
Nucleinezuren vertonen, evenals eiwitten, een opmerkelijke diversiteit wat be-
treft hun functie. Deze biomolekulen dragen de genetische (erfelijke) infor-
matie over van de ene generatie naar de andere. Er zijn verschillende typen 
(ribo)nucleinezuren die een rol spelen bij de vertaling van een DNA sequentie 
in de aminozuur volgorde van het corresponderende eiwit. Wetenschappers zijn 
er sterk van overtuigd dat de funktie en de informatie-inhoud van biomolekulen 
te variëren is door veranderingen aan te brengen in de struktuur. Nucleinezuren 
hebben zeer complexe strukturen. Naast eenvoudige dubbele helices bestaan er 
een groot aantal andere strukturen, zoals dubbele helices die uitstulpingen be-
vatten, haarspeldstrukturen en kruisvormige strukturen. Eén van de krachtigste 
methodes om de struktuur en de dynamica van nucleinezuur-elementen op te 
helderen is NMR spectroscopie. Het onderzoek dat in dit proefschrift wordt 
beschreven gebruikt de NMR techniek om de ruimtelijke struktuur en de con-
formationele eigenschappen van een klein aantal van zulke complexe oligonu-
cleotiden te analyseren. 
Hoofdstuk 1 beschrijft het nut van NMR bij de opheldering van een struktuur. 
De parameters die uit de NMR experimenten kunnen worden afgeleid worden 
kort bediscussieerd. 
In Hoofdstuk 2 wordt een algemeen overzicht gepresenteerd van de huidige 
stand van zaken in de bepaling van nucleinezuur strukturen. In dit hoofstuk 
wordt de nomenclatuur geïntroduceerd die in het algemeen gebruikt wordt bij 
de karakterisatie van nucleinezuren. De meest relevante experimenten worden 
beschreven en zijn geordend naar het type correlatie dat in de spectra naar voren 
komt: correlatie van proton signalen via J-koppelingen, correlatie van protonen 
die in eikaars nabijheid zijn en correlatie van signalen van een heterokern naar 
die van zijn J-gekoppelde proton(en). De mogelijkheid om bepaalde resonanties 
of kruispieken toe te kennen aan bepaalde kernen of paren van kernen bepaalt 
in welke mate een struktuuropheldering uitgevoerd kan worden. Het gebruik 
van Overhauser effekten en J-koppelingen komt uitvoerig aan bod. Tenslotte 
worden diverse reken-methoden ter bepaling van de struktuur bediscussieerd. 
In Hoofdstuk 3 wordt de conformatieruimte die beschikbaar is voor enkelstrengs 
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oligonucleotiden bestudeerd door het berekenen van afstanden tussen diverse 
atomen voor verschillende combinaties van twee torsiehoeken. Voor 15 moge-
lijke paren van torsiehoeken in een nucleotide eenheid worden contourkaarten 
weergegeven. De contourkaarten met daarin de afstandsinformatie komen goed 
overeen met de experimenteel gevonden verdeling en de resultaten verklaren 
menige waarneming die voorheen niet op een theoretische manier verklaard kon 
worden. 
Hoofdstuk 4 beschrijft de conformatie-analyse van het cyclische trinucleotide 
r (GpGpGp). Zowel homo- als hetero J-koppelings constanten zijn gebruikt voor 
de struktuuropheldering van dit molekuul. De ribose suikers nemen zuivere S-
type (C2'-endo) conformâmes aan, terwijl in het algemeen N-type (C3'-endo) 
suiker conformaties gevonden worden in RNA. De aanwezigheid van S-type sui-
kers kan verklaard worden door gebruik te maken van de resultaten in Hoofdstuk 
2. Tijdens dit onderzoek werd duidelijk dat de meest recente parametrisatie van 
de Karplus vergelijkingen voor de ССОР J-koppelings constanten de gemeten 
J(C4 'P) van 11.1 Hz niet kon verklaren. Een nieuwe parametrisatie voor zowel 
de HCOP als de ССОР koppelingsconstante wordt daarom gepresenteerd. 
Hoofdstuk 5 beschrijft I D en 2D NMR-experimenten die uitgevoerd zijn aan de 
deoxynucleotide sequentie d(TCTCTC-TTT-GAGAGA). Boven pH=6.5 neemt 
het molekuul een B-vorm haarspeld conformatie aan. Wanneer de pH zakt 
tot beneden de 6.5 dan worden molekulenparen gevormd waarin gedeeltelijk 
een helix struktuur bestaande uit drie strengen voorkomt en gedeeltelijk een 
enkelstrengs stuk. In deze struktuur vormen de basen van het oligopyrimidine 
gedeelte d ( T C ) 3 van één molekuul Hoogsteen paren met het d(GA)3 gedeelte 
van het andere molekuul. Diverse intense kruispieken van H6 naar H3' pro-
tonen suggereren de aanwezigheid van N-type suikers. Bovendien suggereren 
kruispieken tussen H5' of H5" en niet-uitwisselbare base protonen dat sommige 
torsiehoeken 7 ongewoon zijn. 
Hoofdstuk 6 beschrijft de bepaling van de drie-dimensionale struktuur van 
de haarspeld d(TCTCTC-TTT-GAGAGA) bij pH=8 . Voor struktuurbere-
keningen met behulp van het programma DIANA werden interproton afstanden, 
afgeleid uit NOE's, en restricties in de torsiehoeken, verkregen uit J-koppelingen 
gebruikt. Er werd gevonden dat haarspeld strukturen met twee verschillende 
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conformaties van de lus voldoen aan de NMR data. Een evenwicht tussen deze 
twee conformationele toestanden kan de beschikbare NOE data volledig ver-
klaren. In de ene toestand is residue T7 gevouwen in de kleine groeve, terwijl 
in de tweede toestand residue T8 in de kleine groeve is gevouwen. De manier 
waarop de fosfaat-backbone 180° van richting verandert is hetzelfde voor de 
twee toestanden. 
In Hoofdstuk 7 wordt de toepassing van 3D TOCSY-NOESY spectroscopie geïn-
troduceerd als hulpmiddel bij de analyse van nucleinezuren. Tevens wordt een 
eenvoudige methode gegeven voor de beschrijving van de magnetisatie over-
dracht in 3D experimenten. Als voorbeeld wordt het TOCSY-NOESY spec-
t rum van de DNA hairpin d(GTTCCA-AAC-TGGAAC) gegeven. Het TOCSY-
NOESY spectrum kan gezien worden als een verzameling van spin-lock patro-
nen. Deze zich herhalende patronen zijn bijzonder nuttig omdat ze gebruikt 
kunnen worden om onderscheid te maken tussen protonen wiens resonanties 
overlappen. Dit laat zien dat het voordeel van een 3D TOCSY-NOESY boven 
bijvoorbeeld een 2D NOESY ligt in de mogelijkheid ook het zeer drukke gebied 
van de H4', H5' en H5" resonanties toe te kennen. 
Meer structurele informatie van de haarspeld d(GTTCCA-AAC-TGGAAC) 
wordt gegeven in Hoofdstuk 8. De haarspeld, die een deel is van de plus streng 
van de replicatie oorsprong van de bacteriofaag M13, werd bestudeerd met één-, 
twee- en drie-dimensionale NMR experimenten en het rekenprogramma DIANA. 
In de lus, waarin zich drie residuen bevinden, wordt slechts een beperkt aantal 
NOE kruispieken gevonden. Dit resulteert in een grote hoeveelheid confor-
maties, die allemaal volledig in overeenstemming zijn met de experimenteel 
opgelegde beperkingen. Na invoering van een grote set zogenaamde "non-
NOE's" in de invoer voor het programma DIANA blijkt de lus-struktuur niet 
beter gedefinieerd te zijn dan voorheen. 
In Hoofdstuk 9 wordt de struktuurbepaling van de haarspeld gevormd door 
d(ATCCTA-GTTA-TAGGAT) beschreven. De hoge stabiliteit van de haar-
speld kan verklaard worden door de vorming van een G-A basepaar bovenop de 
zes Watson-Crick baseparen. De resonatiepositie van het iminoproton van het 
guanosine residue in het G A basepaar dat rond 10.8 ppm ligt is te begrijpen, 
omdat het iminoproton niet betrokken is bij de vorming van een waterstofbrug. 
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De stniktuur van de lus, zoals die gevonden is via NMR, struktuurberekeningen 
met DIANA en moleculaire mechanica berekeningen, wordt in detail bedis-
cussieerd en vergeleken met het eerder gepresenteerde lusvouwingsprincipe. 
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